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Extreme environments arise as a result of natural and anthropogenic processes.  
These environments are characterized by physical and chemical extremes of temperature, 
pH, salinity, pressure, and ionizing radiation.  Within these unique regions, a diverse 
group of microorganisms have been shown to harbor physiologies capable of catalyzing 
geochemical transformations that are environmentally beneficial on local and global 
scales.  This work specifically examines the microbial transformations of methane and 
uranium [U(VI)] within aquatic and terrestrial sedimentary systems, respectively.  
Microbial transformations of methane and U(VI) are of immediate relevance to emerging 
global sustainability issues as they may influence climate change through greenhouse gas 
sequestration as well as contribute to the cycling of soluble metals in subsurface 
environments.  The Gulf of Mexico (GoM) submarine mud volcano systems as well as 
the mixed metal and radionuclide contaminated subsurface of the Department of 
Energy’s (DOE) Oak Ridge Field Research Center (ORFRC) represent unique aquatic 
and terrestrial extreme environments that harbor microbial communities capable of 
catalyzing geochemical transformations of methane and uranium, respectively.  The 
microbial communities capable of contributing to carbon (methane) cycling in mud 
volcano sediments were characterized through 16S rRNA clone library analysis.   
Archaeal and bacterial 16S clone libraries generated from total DNA and ribosomal RNA 
extractions (i.e., 16S rDNA and crDNA libraries) were numerically dominated by 
methanotrophic (e.g., γ-Proteobacteria and anaerobic methane oxidizing Archaea), 
sulfate-reducing, and sulfur oxidizing species (e.g., δ-Proteobacteria and ε-
 xxii
Proteobacteria).  Within the ORFRC metal and radionuclide contaminated subsurface, 
microorganisms possessing both PIB-type ATPase and NSAP ‘stress’ genes are 
hypothesized to have a selective advantage within the contaminated subsurface.   A 
culture-dependent approach identified extensive horizontal gene transfer (HGT) of PIB-
type ATPase metal resistant genes within Arthrobacter and Bacillus spp.  Additionally, 
nonspecific phosphohydrolase activity of ORFRC metal-resistant Bacillus and Rahnella 
isolates were shown to promote the biomineralization of up to 95% of total soluble 
U(VI).  The present study is the first to:  i) demonstrate the dominance of metabolically 
active ANME-2 euryarchaeotal, δ−, and γ-proteobacterial lineages within the sediments 
of a GoM cold seep mud volcano, ii) demonstrate the influence of HGT in disseminating 
PIB-type ATPase metal resistance determinants to 20% of screened bacterial isolates 
obtained from the subsurface soils of the ORFRC, and iii) demonstrate the capablility of 
ORFRC Rahnella and Bacillus strains to promoted the mineralization 73% and 95% of 
total soluble U(VI) during aerobic growth in synthetic groundwater with glycerol-3-
phosphate as the sole carbon and phosphorus source.  Findings from these studies 
demonstrate the prokaryotic diversity within aquatic and terrestrial sediments that are 






1.1 Global sustainability 
 
In 1999, the National Research Council (NRC) published the report “Our 
Common Journey: A Transition Toward Sustainability” (NRC, 1999), which  illustrated 
the need for fundamental changes in human activity that will be required to accommodate 
a predicted global population of 10 to 11 billion by the year 2100 (NRC, 1999).  The 
most pressing issues facing Earth’s ability to sustain an increasing human population are 
the maintenance of clean water, clean air, and addressing human activies that contribute 
to ozone depletion and global climate change (NRC, 1999; Schlesinger, 2006).  These 
issues are a result of technological advances which directly contribute to increasing 
greenhouse gas emissions as well as the release of organic and inorganic pollutants into 
the environment (Lloyd, 2002; Gavrilescu, 2004).  In an effort to understand and mitigate 
the environmental issues of global sustainability, microbial diversity studies that examine 
the geochemical cycling of carbon, metals, and radionuclides provide great promise. 
The natural regulation or radiative balance of earth’s climate is driven by the 
insulating effects of water vapor, carbon dioxide, and ozone within the atmosphere 
(Wolff and Spahni, 2007).  Without such insulation, the surface temperature on earth 
would range from -18°C to -19°C rather than the current surface temperature range of 
14°C to 15°C (Wolff and Spahni, 2007).  From the turn of the industrial revolution to 
present day, the concentrations of atmospheric carbon dioxide, methane, and nitrous 
 2
oxide concentrations have risen 25%, 120%, and 9%, respectively and thus have changed 
atmospheric radiative forcing (Joos, 2008) (Fig. 1.1).  Therefore, a better understanding 
of greenhouse sources and sinks are essential in determining the magnitude of global 
climate change when anthropogenic and natural emissions of such gases perturb radiative 
balance (Houghton, 2007; Reeburgh, 2007; Wolff and Spahni, 2007). 
Equally important are the issues of organic and inorganic subsurface soil pollution 
as they directly relate to the health of humans and ecosystems.  The most pronounce 
effects of pollution include: disease etiology, acute toxicity, loss of biodiversity, 
phytotoxicity, zootoxicity, and eutrophication (Philp, 2005).  Unlike organic 
contaminants which can be transformed by microorganisms to less toxic forms and 
ultimately mineralized to carbon dioxide, inorganic contaminants, namely toxic metals 
must be detoxified through redox or complexation transformations (Philp, 2005).  In situ 
remediation of subsurface soil contaminants are influenced by the local geochemistry.  
Because the mobility and fate of a given contaminant within soils can be enhanced or 
retarded by abiotic and biotic catalyzed geochemical transformations, remediation efforts 
aimed at the subsurface sequestration of inorganic contaminants must identify and 
constrain these factors.  
In an effort to mitigate such pressing environmental issues, a greater 
understanding of the geochemical transformations driven by sedimentary prokaryotic 
communities is required.  The roles aquatic and terrestrial microbial communities play in 
the geochemical cycling of carbon, nitrogen, phosphorus, sulfur, and metals continues to 
be elucidated.  Most notably, prokaryotes play key roles in atmospheric chemistry and 
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aqueous geochemistry, which includes geological precipitation and weathering 
chemistries (Ehrlich, 1998; Newman and Banfield, 2002; Macalady and Banfield, 2003).   
 
Figure 1.1.  Concentrations of atmospheric methane, nitrous oxide, and carbon dioxide 
measured over the past 50,000 years.  Methane and nitrous oxide ice core data was 
obtained from the Greenland Ice sheet Project 2 (Brook et al., 1996; Sowers et al., 2003).  
Carbon dioxide ice core data was obtained from the Taylor dome on the East Antarctic 
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ice sheet (Indermuhle et al., 1999 1203).  Annual atmospheric methane, nitrous oxide, 
and carbon dioxide concentrations were sampled from Mauna Loa, Hawaii by the 




Microbial catalyzed geochemical transformations are reported in all aquatic and 
terrestrial regions of the world, the exception being regions influenced by active 
volcanism (i.e., magmatic).  Chemical and physical stresses such as extremes in 
temperature, pH, salinity, and pressure (i.e., extreme environments) do not inhibit 
microbial catalyzed geochemical transformations as microbial physiologies have evolved 
to allow unique lineages to thrive in environments defined by such parameters (Adams, 
1993; Abe et al., 1999; Horikoshi, 1999; Oren, 1999; Baker-Austin and Dopson, 2007).  
Prokaryotic and eukaryotic microorganisms have been shown to thrive in regions 
of the world previously believed to be devoid of life.  The regions that pose the greatest 
challenge for organisms to thrive have been termed extreme environments.  These 
regions include acidic, alkaline and saline environments; low temperature glacial and 
high temperature geothermal environments; and the high pressure regions of the deep-sea 
and deep subsurface (Table 1.1).  Interdisciplinary research initiatives that focus on the 
characterization of prokaryotes present in extreme environments continue to be met with 
the fundamental hurdle of culturability.   
 Prior to the study of microbial diversity in extreme environments, the inability to 
culture all members of a given microbial community in non-extreme environments 
became apparent.  Depending on the environment being studied (e.g., seawater, 
freshwater, activated sludge, sediments and soil) culturable prokaryotic cells can range 
from 0.0001% - 15% of total microscopic counts (Smalla, 2004).  This has been termed 
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the “great plate count anomaly” (Staley and Konopka, 1985).  The necessity to employ 
culture independent methods has been utilized to describe microbial diversity as well as 
identify metabolic activity.  The use of such techniques as nucleic acid isolation and 
cloning; molecular fingerprinting; bromodeoxyuridine (BrdU); fluorescence in situ 
hybridization (FISH); stable isotope probing;  marker and reporter gene tracking has 
facilitated culture-independent studies in both non-extreme and extreme environments 
(Smalla, 2004). 
 This study focuses on two separate sedimentary systems, 1) A Gulf of Mexico 
(GoM) cold seep mud volcano, and 2) Mixed waste acidic soils located at the Department 
of Energy’s (DOE) Oak Ridge Field Research Center (ORFRC).  The factors that define 
the GoM site as an extreme environment are the low temperature (8°C) and high salinity 
(9.5% to 11%) present in the cold seep mud volcano sediments (Joye et al., 2005; 
Martinez et al., 2006a).  The ORFRC can be defined as an extreme environment as a 
result of anthropogenic activity which has led to the occurrence of mixed metal and 
radionuclides, high concentrations of oxyanions and acidification (pH 4.0) of the soils 
and deep subsurface (Martinez et al., 2006b).  Research efforts in the GoM and ORFRC 
sites have immediate relevance in better understanding and addressing issues of global 
climate change and the remediation of metal and radionuclide contaminants in soil and 






1.2 Extreme environments 
 
Extremophiles, which have representative species in all 3 domains of life, are the 
organisms that thrive at the known physiological limits of temperature, pH, and salinity 
(Rothschild and Mancinelli, 2001; Pikuta et al., 2007).  It is the unique regions of the 
planet defined by extremes in temperature, pH, and salinity that are considered extreme 
environments.  The hypotheses ‘everything is everywhere’ and ‘the environment selects’ 
was originated by Dutch biologist Lourens G.M. Baas Becking (Quispel, 1998) and 
appropriately reflects the ability of microbial communities to adapt and thrive in virtually 
every environment that man has studied.  In addition to pH, salinity, and temperature 
extremes listed on Table 1.1, select groups of microorganisms have been shown to 
possess physiologies capable of tolerating the physical extremes of dessication, ionizing 
radiation, and high pressure (Rothschild and Mancinelli, 2001; Pikuta et al., 2007).  This 
section will highlight molecular mechanisms which have evolved in microorganisms for 
adaptation to varying physical and chemical conditions present in extreme environments.  
For organisms that have not evolved mechanisms to cope with chemical and/or 
physical environmental extremes; the toxicity of temperature, pH, salinity, pressure, and 
ionizing radiation extremes are manifested in chemical changes of macromolecules.  
Such chemical changes include the hydrolysis and depurination of nucleic acids; lipid 
solidification or saponification; protein denaturation and hydrolysis (Cleaves and 
Chalmers, 2004).  Therefore studies of microorganisms which have physiological 
adaptations that enhance the stability of nucleic acids, proteins, and lipids contribute to 
our understanding of the physical and chemical parameters that define the limits of life. 
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Unique molecular adaptations have been identified within prokayotes isolated 
from low and high temperature environments.  Within low temperature environments, 
physiological adaptations include maintenance of membrane fluidity by an increased 
incorporation of polyunstaturated fatty acids, production of ice crystal inhibiting 
antifreeze proteins, increase utilization of polar amino acids, and reduced hydrophobic 
protein subunit interactions (Cavicchioli et al., 2000; Russell, 2000).  Molecular 
adaptations observed in thermophilic prokayotes include heat stable membrane ether 
lipids, increased G+C content in the stem regions of RNA molecules, and increased DNA 
stablility via the positive supertwisting activity of reverse gyrase (Kikuchi and Asai, 
1984; Stetter, 1999).  
Environments defined by extremes in pH also harbor prokayotes with unique 
molecular adaptions.  The maintenance of optimal intracellular pH (i.e., pH 4.6-7.0) in 
acidic environments continues to be an area of active research.  Mechanisms by which 
prokayotes extant within acidic environments maintain intracellular pH potentially 
include tetraether lipid membranes to maintain proton impermeablity, increased 
expression of DNA and protein repair proteins, and increased intracellular potassium ion 
concentration to reduce proton motive force (i.e., maintain a Donnan potential) (Baker-
Austin and Dopson, 2007).  Conversely, alkaliphilic prokaryotes have been shown to 
maintain an intracellular pH from 7.5-8.5.  Proposed mechanisms that maintain 
intracellular homostasis are: negatively charged acidic cell wall polymers which enhance 
hydroxide ion repulsion; the utilization of a sodium motive force rather than a proton 
motive force for ATP generation, and the use of sodium/hydrogen or potassium/hydrogen 
antiporters for the maintenance of optimal intracellular pH (Horikoshi, 1999).   
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Within hypersaline environments membrane permeability requires enzymes to 
function under high salt concentration as cytoplasmic water loss causes elevated 
intracellular solute concentrations.  Thus, enzymes rich in acidic amino acids have been 
shown to be a common attribute for the maintenance of activity under high salt 
concentrations (Oren, 1999).  For microorganisms that lack salt-tolerant enzymes, the 
accumulation of high intracellular concentrations of compatible solutes (i.e., small 
organic molecules which include betaine, trehalose, glycerol, sucrose, proline, choline, 
carnitine, mannitol, glucitol, and ectoine) have been demonstrated to interact with salt 
sensitive enzymes and maintain activity under high salt concentrations (Oren, 1999; 
Beales, 2004).  
Resistance to ionizing radiation has been identified in the Actinobacteria, 
Bacteroides, Cyanobacteria, Euryarchaeota, Deinococcus-Thermus, α-Proteobacteria, 
and γ-Proteobacteria prokaryotic phyla.  To date, however, the majority of research has 
focused on the bacterial species Deinococcus radiodurans (Cox and Battista, 2005).  
Radioresistance in D. radiodurans was initially believed to be due to the efficiency of 
DNA repair proteins and the presence of 4-8 chromosome copies (Minton, 1994; Daly et 
al., 2004).  Recent work has examined the intracellular recovery from elevated 
concentrations of reactive oxygen species prevalent following radiation exposure.  The 
protective effect of cytosolic manganese granules has been demonstrated to contribute to 
the survival of D. radiodurans following irradiation (Daly et al., 2004; Ghosal et al., 
2005).  Further examination of manganese accumulating prokayotes as well as poorly 
characterized radioresistant archaeal and bacterial phyla are required to determine the 
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potential diversity of mechanisms employed to resist the toxicity of exposure to ionizing 
radiation. 
 High pressure environments require microbial adaptations that control 
intracellular pH, protein folding, and membrane fluidity.  Cytoplasmic acidification can 
become more prevalent with increasing hydrostatic pressure due to the ionization of 
intracelluar weak acids (Abe et al., 1999).  Studies examining the pressure-driven 
cytoplasmic acidification of Saccharomyces cerevisiae cells indicated a pH decrease that 
could affect intracellular enzyme activity (Abe and Horikoshi, 1998).  Interestingly, 
studies examining a barotolerant Streptococcus faecalis mutant demonstrated increased 
intracellular ammonia accumulation as a result of increasing hydrostatic pressure, which 
can potentially aid in the neutralize of cytoplasmic acidification (Marquis and Bender, 
1980).  Within Eschericia coli cells exposed to an increase in hydrostatic pressure (i.e., 
546 atm) total protein expression was shown to decrease.  Conversely, the expression of 
heat shock and cold shock proteins increased with increased hydrostatic pressure which 
may be necessary in maintaining proper folding as pressure changes have been shown to 
affect the three dimensional structure of proteins and protein complexes (Weber and 
Drickamer, 1983; Welch et al., 1993).  Lastly, increasing hydrostatic pressure contributes 
to membrane solidification as observed in low temperature environments, thus membrane 
fluidity is maintained by the incorporation of polyunstaturated fatty acids (Abe et al., 
1999).   
Microbial physiology studies of microorganisms present within extreme 
environments have contributed to our understanding of physical and chemical parameters 
that define the limits of life as well as the molecular adaptations that support the 
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metabolic activity in these uniques regions.   Furthermore, studies examining such 
molecular adaptations within microbial communities have directly contributed to our 
knowledge within the areas of astrobiology, evolution, biotechnology, and geochemistry.    
The study of extreme environments has direct applications to the field of 
astrobiology.  This field utilizes interdisciplinary research to understand life on earth as 
well as the potential for life on other planets.  The diversity of microorganisms within 
earth’s polar and geothermal heated regions as well as regions that possess extremes in 
pH has direct implications to the search for life within our solar system.  Insight gained 
from the diversity of microorganisms present within earth’s extreme environments has 
allowed for the postulation of life to occur on other planets in our solar system (Pikuta et 
al., 2007).  The temperature and pH extremes present on Mars, Venus, and the moons of 
Saturn and Jupiter demonstrate possible regions to detect life (Pikuta et al., 2007).  Thus, 
the goal for future space missions examining these regions is the detection of nucleic 
acid, protein, carbohydrate or lipid biomarkers indicative of metabolically active 
organisms. 
The origin of life on earth continues to be a highly debated subject as observed in 
the multiple theories that have been proposed.  The theories of panspermia (i.e., planetary 
seeding of microorganism), drying tidal pools, clay mineral surfaces, sulfide mineral 
sufaces, water vapor droplets, and deep-sea hydrothermal vents all propose explanations 
for the origin of life (Line, 2002; Cleaves and Chalmers, 2004).  Currently, prokaryotic 
ribosomal RNA phylogeny indicates the deeply rooted (i.e., slowly evolved ancestral 
species) archaeal and bacterial species evolved from hyperthermophilic Archaea and 
either mesophilic or thermophilic Bacteria (Becerra et al., 2007).   Analysis of rRNA 
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G+C content, protein disulfide oxidoreductase sequences, and orthologous protein 
sequences has lead several authors to develop hypotheses that indicate either a 
hyperthermophilic or mesophilic last common ancestor gave rise to the archaeal and 
bacterial domains of life (Galtier et al., 1999; Di Giulio, 2003; Pedone et al., 2004).  
Determination of a prokaryotic last common ancestor is further compounded by rampant 
horizontal gene transfer (HGT) in extant prokaryotes as observed by the vast archaeal 
contribution to the Thermoanaerobacter tengcongensis and Thermotoga maritima 
bacterial genomes (Pedone et al., 2004; Mongodin et al., 2005).  Thus, defining a last 
common ancestor or last common community which roots in the tree of life remains an 
area of intense research (Javaux, 2006; Becerra et al., 2007).  Although the origin of life 
remains highly debated, the environmental conditions on early earth resulted in the 
molecular adaptations that have been disseminated (i.e., through vertical and horizontal 
gene transfer) and are encoded by today’s microbial communities present in non-extreme 
and extreme environments. 
 The discovery of molecular adaptations of microbial communities present in 
extreme environments has given rise to unique biotechnological and industrial 
applications.  The study of thermophiles, psychrophiles, halophiles alkaliphiles and 
acidophiles has yielded insight in antibiotic discovery, thermostable and pH stable 
enzymes, and surfactants (Rothschild and Mancinelli, 2001).  As 0.0001% to 0.3% of 
total prokaryotic cells within seawater and soils have been cultured, the vast majority of 
prokaryotes within these environments remain unculturable by current techniques 
(Smalla, 2004).  Thus, the drive to understand the physiologies of currently unculturable 
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prokaryotes from both non-extreme as well as extreme environments remains an area of 
active research with great potential for novel biotechnological and industrial applications.  
 Microbial communities present within the deep sea, aquatic deep subsurface, and 
terrestrial deep subsurface environments encode unique physiologies for life under 
extremes in temperature, pressure and salinity.  Moreover, the adaptive physiologies 
present in metabolically active microbial communities present within deep sea 
hydrothermal vent systems, hydrocarbon cold seep systems, and metal-contaminated 
deep subsurface environments have a great influence on the biogeochemical cycling of 




1.2.1 Marine sedimentary systems 
The discovery of the Galapagos Rift hydrothermal vents and Florida escarpment 
cold seeps has only come about within the past 30 years (Lonsdale, 1977; Paull et al., 
1984).  Today, numerous hydrothermal vent and cold seep systems have been discovered 
and shown to occur in unique geological settings (Campbell, 2006).  Hydrothermal vent 
systems are found within seafloor spreading zones, which allow for the mixing and 
chemical leaching of high temperature crustal rock with overlying seawater to produce 
superheated water enriched in metals and sulfidic compounds (Jannasch and Mottl, 
1985).  Conversely, cold seep systems are localized to both active and passive continental 
margins (Naehr et al., 2007).  In passive margins where tectonic activity is minimal, salt 
tectonics drives the emission of liquid and gaseous hydrocarbons (MacDonald, 1998; 
Campbell, 2006).  As both hydrothermal and cold seep systems exist below the photic 
zone, primary production is driven by chemosynthesis rather than photosynthesis.  The 
energy requirements in these deep-sea locales are provided by hydrogen sulfide and/or 
methane.  It is the oxidation of these molecules that provides the energy for the 
prokaryotic primary producers and eukaryotic chemosynthetic communities (Lonsdale, 
1977; Paull et al., 1984; MacDonald, 1998; Van Dover et al., 2002; Campbell, 2006). 
Within cold seep environments, hydrocarbons are present in gaseous, liquid and 
solid phases.  It is these environmental conditions that provide the unique conditions that 
support eukaryotic (Kennicutt et al., 1985; Brooks et al., 1987; Freytag et al., 2001) and 
prokaryotic (Ahmad et al., 1999; Hinrichs et al., 1999; Boetius et al., 2000; Orphan et al., 
2001a; Mills et al., 2005; Martinez et al., 2006a) chemosynthetic communities.  The 
following section will highlight the geochemical and geophysical conditions present 
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within deep sea cold seep systems as well as the molecular diversity of microbial 
communites inhabiting this unique extreme environment.  
 
1.2.1.1 Cold seep systems   
Deep-sea cold seep environments have been mapped throughout the world and it 
is within these locations that gaseous hydrocarbons can form hydrates (Kvenvolden, 
1999; Milkov, 2000).  Gas hydrates or methane hydrates, which are the main form of 
hydrates due to the high flux of methane in cold seeps are only formed under high 
pressure and low temperature environments that dominate the deep-sea environment 
(Kvenvolden, 1999).  Methane hydrates are water ice cages (i.e., clathrates) that enclose 
gaseous methane with a methane to water ratio of 216:1 (vol:vol) (Kvenvolden, 1999; 
Sloan, 2003).  Due to the large volume of methane sequestered in hydrates, a great deal 
of research has focused on cold seep environments for: i) the potential applications of gas 
hydrates as a fuel alternative, ii) the source of submarine hazards as a result of hydrate 
destabilization (Blake Ridge), and iii) the potential effect methane flux has on global 
climate change (Dickens et al., 1995; Kvenvolden, 1999; Kennett et al., 2000). 
The origins of C1-C5 hydrocarbon gases within cold seep environments can be 
traced to abiotic (thermogenic) and biotic processes via carbon stable isotope analysis.  
Within biologically catalyzed reactions of organic molecules, the lighter 12C isotope is 
preferentially utilized, thus organic molecules (i.e., methane) of biogenic origin will have 
an isotopically lighter ratio of 13C/12C (Reeburgh, 2007).  In general, 13C/12C less than -
50‰ is considered biogenic in origin and a ratio greater than -50‰ is considered to be 
thermogenic in origin as referenced to PeeDee belemnite 13C standard (Reeburgh, 2007).   
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Many characterized cold seep environments release methane that is of 
thermogenic and biogenic origins (Sassen et al., 1999; Orphan et al., 2001a; Michaelis et 
al., 2002).  Abiotic or thermogenic production of hydrocarbon gases is a result of alkane 
degradation under high temperature and high pressure (Sassen et al., 1999), while 
biogenic hydrocarbon gases are produced by fermentative microbial communities 
(Hinrichs et al., 1999; Hinrichs et al., 2006).  Isotopic analysis of authigenic carbonates 
present in many cold seep systems contain carbon with a depleted 13C signature which 
suggests the microbial mediated oxidation of biogenic methane under anaerobic 
conditions (Hinrichs et al., 1999; Valentine and Reeburgh, 2000; Orphan et al., 2002).  
Several microbial community studies have demonstrated the presence and putative 
syntrophic relationship of anaerobic methane oxidizing Archaea and sulfate-reducing 
Bacteria.  The anaerobic methane oxidizing Archaea are a distinct clade related to 
Methanosarcina spp. and the δ-Proteobacteria Bacteria are sulfate-reducing species 
closely related to Desulfosarcina spp. (Hinrichs et al., 1999; Orphan et al., 2001a; 
Jorgensen and Boetius, 2007).  The summarized sytrophic relationship between the cold 
seep Archaea and Bacteria is theorized in the following equation: 
CH4 + SO42-  HCO3- + HS- + H2O   (Nauhaus et al., 2002) 
Due to the fact that the thermodynamics of this relationship yields less than -25 kJ/mol, 
which is less that the minimum unit of biological energy (-20 kJ/mol) (Schink, 1997), 
alternative syntrophic relations have been theorized that involve the generation of an 
acetic acid or acetate intermediate product which increases the final energy yield 
(Valentine and Reeburgh, 2000). 
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  The study of cold seep microbial consortia has focused on sediments associated 
with hydrocarbon seepage and breaching hydrate (Hinrichs et al., 1999; Boetius et al., 
2000; Orphan et al., 2001a; Michaelis et al., 2002).  Relatively, few studies have 
examined the microbial consortia present in cold seep mud volcano sediments. The cold 
seep mud volcanoes are unique in that the sediments are periodically or continuously 
exposed to brine fluids as well as high methane flux.  
 
1.2.1.2 Marine mud volcanoes 
Within cold seep environments, mud volcanoes are unique features that release 
liquid and gaseous hydrocarbons into the overlying seawater (Dimitrov, 2002).  Typical 
tectonic driven volcanism arises from a break in the earth’s crust which allows the release 
of molten rock.  In contrast, mud volcanism is a result of sedimentary succession that is 
associated with active hydrocarbon generation.  As a result of the hydrocarbon 
generation, pressurization of overlying sediments causes piercing and feeder channels 
allow for the flow of semi-fluid sediments (Dimitrov, 2002).    
Within the Gulf of Mexico, cold seep systems and mud volcanism is driven by 
salt tectonics (Milkov and Sassen, 2001).  During the Late Triassic-Middle Jurassic, thick 
Callovian salt deposits filled subbasins and gave rise to the salt diapirs present today in 
the Gulf of Mexico (Milkov and Sassen, 2001).  Due to the greater buoyancy of salt 
diapirs relative to the overlying seafloor sediment, upward migration of the diapirs causes 
over pressurization of sediments.  When migrating salt diapirs compress hydrocarbon 
reserves and deform the overlying sediments, the result is the formation of mud 
volcanoes (Fig. 1.2).  Seafloor breaching of hydrocarbons as a result of salt diapir over 
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pressurization allows for overlying seawater to mix with deep salt deposits and ultimately 
gives rise to the unique high salinity fluids associated with marine mud volcano systems.   
 
Figure 1.2.  Salt diapir driven formation of marine mud volcanoes.  Migration of deep 
subsurface salt diapirs toward the seafloor deforms the overlying sedimentary strata 
(dotted lines) and ultimately forms the characteristic dome or conical topologies.  
Additionally, salt diapirism leads to the over pressurization and release of hydrocarbon 
pools on to the surrounding sediments and overlying water.  
  
The global distribution of mud volcanoes represents a significant conduit for 
atmospheric methane flux (Milkov, 2000; Dimitrov, 2002).  Although mud volcanoes are 
present in both terrestrial and marine environments, the number of terrestrial mud 
volcanoes is in excess of 900 while the number of marine mud volcanoes is estimated to 
be between 103 - 105 (Milkov, 2000; Dimitrov, 2002). 
Marine mud volcano methane emissions directly into the overlying water column 
are estimated to be 27 Tg year-1(Milkov et al., 2003).  The lack of long-term studies as 
well as the lack of monitoring equipment to properly measure marine methane flux into 
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the atmosphere has contributed to the large range in theorized emission range of 6 – 12.6 
Tg year-1 (Dimitrov, 2002; Etiope and Milkov, 2004; Milkov and Etiope, 2005).  In 
addition to the flux of methane, recent studies conducted in the southern California and 
Gulf of Cadiz mud volcano systems demonstrated the accumulation of mercury within 
associated sediments, presumably as a result of rock leaching in underlying faults (Hein 
et al., 2006; Mieiro et al., 2007).  These findings underline our current knowledge gap 
with regards to the global contributions of greenhouse gases and heavy metal release 
from marine mud volcano systems.  
The study in Chapter 2 identified metabolically active anaerobic methane 
oxidizing Archaea, sulfate-reducing, and methane oxizing Bacteria lineages within the 
sediments associated with the Gulf of Mexico mud volcano (GB425) (Fig. 1.3) (Martinez 
et al., 2006a). Additionally, studies in the Gulf of Cadiz and Haakon Mosby mud 
volcanoes have identified archaeal and bacterial lineages related to those identified in the 
Gulf of Mexico mud volcano system (Niemann et al., 2006a; Niemann et al., 2006b; 
Losekann et al., 2007).  Interestingly, aerobic methane oxidation and anaerobic methane 
oxidation investigations conducted ex situ were shown to account for 1-3% and 37%, 
respectively for Haakon Mosby mud volcano sediment microbial communities (Niemann 
et al., 2006b).  Thus, phylogenetic analysis of methane hydrate-bearing sediments and 
sediments associated with mud volcanoes demonstrate the ubiquitous presence of 
anaerobic methane oxidizing Archaea, sulfate-reducing, and methane oxizing Bacteria 
lineages (Hinrichs et al., 1999; Boetius et al., 2000; Orphan et al., 2001a; Michaelis et al., 
2002; Mills et al., 2003; Mills et al., 2004; Mills et al., 2005; Martinez et al., 2006a; 
Niemann et al., 2006a; Niemann et al., 2006b; Losekann et al., 2007).  In summary, 
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archaeal methanotrophic influence on sea floor methane flux (i.e., anaerobic oxidation of 
37% of total methane flux) and the concomitant 13C depleted signature of cold seep 
authigenic carbonates potentially demonstrate a significant methane sequestration 
potential when considering the estimate of mud volcano methane emissions of 27 Tg 
year-1(Milkov et al., 2003; Niemann et al., 2006b). 
 
Figure 1.3.  Gulf of Mexico cold seep research sites located within the Green Canyon 
(GC185 and GC 234) and Garden Banks (GB425) lease blocks.  The GC185 and GC234 
sites are defined by breaching methane hydrates and hydrocarbon seepage.  The GB425 
site (inset seafloor acoustic image) contains a mud volcano that releases gaseous 
hydrocarbons and brine on to the surrounding sediments and overlying water.  
 
 
1.2.2 Terrestrial sedimentary systems 
Terrestrial sedimentary systems or soils are defined by mineral particles, organic 
matter, living organisms, water, and gases that are present at the earth’s surface and 
which at times may be submerged in 0.5 m of water (Schaetzl, 2005; Voroney, 2007).  
The formation of soil is driven by physical, chemical, and biological activity.  As in 
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aquatic sedimentary systems, microbial activity within terrestrial systems catalyzes the 
transformation of both inorganic and organic compounds.   The importance of soil 
microbiology was defined by the work of Segei Winogradsky and Martinis Beijerinck in 
the late 1800’s.   These early soil microbiology studies examined nitrification, anaerobic 
nitrogen fixation, sulfur oxidation, microbial autotrophy and the development of 
enrichment cultures (Paul, 2007).  The current fields of geomicrobiology and microbial 
ecology have evolved from the pioneering work of Winogradsky and Beijerinck.   
 The establishment of the field of soil microbiology in the early 20th century 
focused on studies had direct applications to understanding agricultural nutrient cycling 
as well as contributing to a greater understanding of plant pathology (Atlas, 1993).  
Following World War II, advances in technology and population growth contributed to 
the contamination of soils and groundwater systems (Atlas, 1993).  As soils provide a 
natural filtration system for groundwater, studies of deep subsurface soils have been 
driven by understanding the potential use of microorganisms in bioremediation 
applications and ultimately the maintenance of clean water (Amy, 1997). 
It has been observed that every soil system on earth with the exception of soils 
directly influenced by volcanic activity, contain viable microbial communities (Standing, 
2007).  As a result, unique microbial communities have established themselves in 
terrestrial extreme and non-extreme environments.  In addition to the previously 
described physical and chemical extremes experienced by microbial communities, 
subsurface microbial communities must also endure changes in water activity, adapt to 
environments with low carbon content, and overcome the toxicity posed by heavy metals 
and oxyanions (Krumholz, 2000; Senko et al., 2002). The following sections will 
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highlight the geophysical, geochemical, and microbial community structure of unique 
shallow and deep subsurface extreme environments. 
 
1.2.2.1 Shallow subsurface 
 Unique regions of the world give rise to examples of terrestrial shallow 
subsurface extreme environments.  Such shallow subsurface extreme enviroments include 
geothermally-heated rocks and soils, arid desert regions, and permafrost soils.  Within 
these environments, microorganisms have evolved physiologies to cope with the physical 
and chemical stresses of temperature and pH.  Several studies within these unique 
environments have examined the microbial community structure and adaptive 
physiologies.  Microbial communities present within geothermally heated rocks and soils 
have been studied within Antarctica, Yellowstone National Park in Wyoming, and the 
Galápagos Islands (Llarch et al., 1997; Walker et al., 2005; Mayhew et al., 2007).  Soils 
isolated from the fumaroles of Antarctica and the Galápagos Islands demonstrated unique 
microbial communities that are extant within a thermophilic and acidophilic environment.  
The limited number of microbial diversity studies within the Antarctica fumarole soils 
focused on characterizing the endospore-forming bacterial diversity which was found to 
be dominated by the Bacillus genera (Llarch et al., 1997; Logan et al., 2000).  A culture-
independent approach to examine microbial diversity within the low and high pH 
fumaroles of the Galápagos Islands identified Acidobacteria, Cyanobacteria, Firmicutes, 
and Proteobacteria phyla (Mayhew et al., 2007).  The temperature and pH conditions 
present at the time of sampling for the Antarctica and Galápagos Islands undoubtedly 
selected for the microbial diversity detected in these studies.  Interestingly, a geothermal 
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heating event within Yellowstone National Park in 1999 provided an opportunity to study 
the microbial community response to such a perturbation (Norris et al., 2002).  A linear 
temperature gradient from 35°C to 65°C was examined by culture independent and 
culture-dependent methods.  Denaturing gradient gel electrophoresis analyses indicated 
distinct shifts in microbial community structure as a result of high temperature 
perturbation.  Additionally, soils samples that were geothermally heated demonstrated a 
100-fold increase in culturable thermophiles.  These data suggest that thermophilic 
microorganisms are ubiquitous in the Yellowstone soils but that thermal perturbations 
will periodically select these to be the dominant species. 
Microbial diversity studies in arid desert sands and permafrost soils have 
expanded our current understanding of microbial community structure present within 
these regions of the world.  In addition to the previously described extreme environment 
molecular adaptations, microbial communities subjected to periods of dessication within 
the shallow subsurface utilize spore formation, akinete development, and vegetative 
survival states to adapt to low water activity (Chanal et al., 2006).  Recent studies within 
the arid Tunisia sands have demonstrated 31culturable isolates representing 4 bacterial 
phyla.  Interestingly, this study was the first to identify radiotolerant α-Proteobacteria 
that was able to survive irradiation of 2 kGy (Chanal et al., 2006). 
Within the arctic and Antarctic permafrost environments, unique 
microenvironments have been characterized.  Examples of these microenvironments 
include ice wedges (pure water ice), cryopegs (brine lenses), and taliks (unfrozen regions 
within permafrost environments) (Steven et al., 2006). The robust microbial diversity 
present within permafrost soils is reflected in the culturable isolates capable of 
 24
metabolisms that include aerobic and anaerobic heterotrophy, iron and sulfate reduction, 
methanogenesis, nitrification and nitrogen fixation (Steven et al., 2006).  It is estimated 
that 14% of global organic carbon is sequestered within arctic permafrost (Metje and 
Frenzel, 2007).  Similar to the deep sea cold seep environments, the permafrost regions of 
the world have been reported to contain stable methane hydrates (Kvenvolden, 1999; 
Steven et al., 2006).  Due to changes in ambient temperature within arctic permafrost 
regions, the destabilization of methane hydrate has been observed (Buffett, 2000).  
Concomitant with hydrate destabilization is the increased methanogenic activity and soil 
respiration which can enhance methane and carbon dioxide atmospheric emissions 
(Houghton, 2007; Metje and Frenzel, 2007).  Such positive feeback mechanisms could 
influence the atmospheric radiative balance and increase the rate of global warming. 
 
1.2.2.2 Deep subsurface 
Only within the last 20 years has the realization that metabolically active 
prokaryotes exist within the deep subsurface (Amy, 1997).  Since then, deep subsurface 
studies have identified the microbial and metabolic diversity that exists within deep 
subsurface aquifers, a South African gold mine (reaching a depth of 4 km below land 
surface), and the deep subsurface of metal and radionuclide contaminated soils (Chapelle 
and Lovley, 1990; Fredrickson et al., 1995; BoivinJahns et al., 1996; Amy, 1997; 
Krumholz, 2000; Onstott et al., 2003; North et al., 2004; Lin et al., 2006; Trimarco et al., 
2006; Akob et al., 2007). 
The terrestrial deep subsurface is defined as the region that exists below the first 
few meters of soil (Paul, 2007).  Within this region, the deepest depth to which microbial 
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activity can be supported is theorized to be approximately 3,500 m depth; this assumes 
110°C is the thermal limit for life.  Thus, as temperature increases at a rate of 25°C per 
1000 m depth in the deep subsurface, a depth of 3,500 m would generate sufficient heat 
to establish a thermal threshold for microbial activity (Krumholz, 2000).  Additionally, as 
pressure increases with depth, soil porosity decreases and contributes to the observed low 
carbon content (Krumholz, 2000; Wanger et al., 2006).  As such, metabolic activity 
observed in the deep subsurface has redefined the limits of life in regions with low 
nutrient availability.  Thus the term survival energy, which refers to the minimum energy 
a prokaryotic cell utilizes to maintain viablility in starvation conditions is invoked to 
explain the persistence of cells in such extreme environments (Morita, 1997).  In addition 
to low nutrient environments, low temperature (-40°C) glacial brine channels have been 
shown to harbor microorganisms with extremely low metabolic activities such that 
estimated mean generation times range from years to millenia (Price and Sowers, 2004; 
Jorgensen and Boetius, 2007). 
Studies examining deep subsurface aquifers and clay formations have 
demonstrated the presence of metabolically active microorganisms potentially possessing 
mean generation times of hundreds to thousands of years.  Such generation times would 
be required to sustain viable cells extant within regions of low carbon and low electron 
acceptor concentrations.  Several studies have identified metabolically active 
microorganisms within subsurface samples ranging from 6-80 million years old (Chapelle 
and Lovley, 1990; Fredrickson et al., 1995; BoivinJahns et al., 1996).  Interestingly, 
marine deep subsurface sediments (i.e., >400 mbsf) demonstrated the dominance of 
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bacterial over archaeal lineages in the deep and metabolic activity was only observed in 
bacterial lineages (Schippers et al., 2005).   
Deep terrestrial subsurface microbial community research has been aided by the 
exploration of the world’s deepest mines which occur within the Witwatersrand basin of 
South Africa (Wanger et al., 2006).  The high temperature (55°C) and alkaline (pH 9) 
waters of the ancient aquifer have been estimated to be from 3-25 million years old.  
Although the aquifer has been isolated on a geological timescale; millimolar 
concentrations of hydrogen and methane were measured while oxygen, sulfate, acetate, 
and formate were present in micromolar concentrations (Lin et al., 2006).  A study 
utilizing a culture-dependent enrichment for sulfate-reducing microorganisms within the 
aquifer water identified 21 operational taxonomic units (OTUs) representing  α, β, and γ-
Proteobacteria, Actinobacteria, Firmicutes, Chloroflexi, Deinococcus-Thermus, 
Crenarchaeota, and Euryarchaeota phyla (Trimarco et al., 2006).  Although, the a 
potentially diverse sulfate-reducing community was surmised from the culturable isolates 
obtained, a later study employing a 16S rDNA high-density microarray culture-
independent approach to assess microbial diversity within the aquifer identified a single 
Firmicutes phylotype as the dominant lineage present at the time of sampling (Lin et al., 
2006). 
The long term storage and bioremediation of metal and radionuclide wastes 
within the deep subsurface has benefited from microbial diversity studies.  Diversity 
studies within the Russian Severnyi repository for liquid radioactive waste, Hanford 
National Laboratory (Washington) underground liquid waste containers, and the ORFRC 
(Tennessee) S-3 ponds have demonstrated the diversity of microorganisms capable of 
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tolerating extremes in pH, high concentrations of salts, oxyanions, metals, and 
radionuclides (Fredrickson et al., 2004; Nazina et al., 2004; North et al., 2004; Michalsen 
et al., 2007).  
Within the Severnyi repository deep aquifer, microbial diversity studies were 
initiated to determine the potential for gas production as liquid nuclear waste is mixed 
with acetate, nitrate, and acetate (Nazina et al., 2004).  Lipid extraction and analysis 
demonstrated the dominant lineages to be members of the Actinobacteria and Firmicutes 
phyla (Nazina et al., 2004).  Additionally, within the Severnyi repository deep aquifer 
anaerobic denitrifiers, fermenters, sulfate-reducers, and methanogens were detected 
which verified the potential for overpressurization of the repository.  Such 
overpressurization can contribute to the unexpected release of liquid waste into overlying 
soils and thus requires continous monitor of aquifer gas concentrations.   
The Hanford National Laboratory houses underground storage tanks which hold 
primarily radioactive cesium (137Cs).  Currently, it is estimated that 0.6 to 1.5 million 
gallons of this liquid radioactive waste has leaked out of the storage containers are 
migrating through the subsurface (Fredrickson et al., 2004).  Culture-dependent microbial 
diversity studies conducted in the high pH, metal and radionuclide contaminated Hanford 
National Laboratory sediments aimed to identify microorganism capable of affecting the 
solubility of the subsurface contaminants.  This study demonstrated the dominant 
culturable aerobic heterotrophic lineages to be members of the Actinobacteria and 
Deinococcus-Thermus phyla which demonstrated tolerance to dessication and ionizing 
radiation (Fredrickson et al., 2004).  Within the contaminated soils, low water activity has 
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reduced microbial activity and thus minimized any effect on the present solubility of the 
subsurface contaminants. 
Microbial diversity studies conducted on ORFRC deep subsurface sediments have 
focused on field-scale and laboratory-scale biostimulation under anoxic conditions to 
stimulate metal reducing microorganisms that catalyze the reductive precipitation of 
uranium (VI) to uranium (IV) (North et al., 2004; Wan et al., 2005; Michalsen et al., 
2007).  These culture-independent microbial diversity studies indentified Acidobacteria, 
Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, Proteobacteria, Spirochaetes, and 
Verruomicrobia as the dominant lineages present in clone libraries following glucose or 
ethanol enrichments.  As these enrichment studies were culture-independent, the 
contributions each species play on uranium precipitation remains unknown.  Only 
recently have microbial diversity studies of the Area 3 ORFRC deep subsurface 
sediments (Fig. 1.4) examined the aerobic microbial community.  Culturable aerobic 
heterotrophic diversity of Area 3 ORFRC deep subsurface sediments indicated 
Actinobacteria, Firmicutes, and Proteobacteria to be the dominant phyla (Martinez et al., 
2006b).  Additionally, phosphate-mediated biomineralization of uranium was 
demonstrated to precipitate up 95% of total soluble uranium via the non-specific acid 
phosphatase (NSAP) activity of isolates belonging to Firmicutes, and Proteobacteria 
phyla (Beazley et al., 2007; Martinez et al., 2007). 
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Figure 1.4.  (A). The ORFRC S-3 wastes ponds, with a storage capacity of 9.5 million 
liters, received uranium nitrate waste as well as sludge waste from other activities within 
the Oak Ridge reservation, Savannah River site, and the Idaho National Engineering Lab 
from 1951-1983.  (B). The current site of S-3 ponds which underwent neutralization and 
denitrification prior to the construction of the multi-layer impermeable cap (Brooks, 
2001; DOE, 2006).  
 
 
1.3 Microbial detoxification mechanisms 
 
 Microorganisms are continually subjected to changing environmental conditions, 
thus the ability to sense and respond to toxic compounds is essential to cell survival.  
Compounds such as bacteriocides (including antibiotics, antiseptics, bacteriocins, and 
disinfectants) and heavy metals demonstrate toxicity through membrane disruption, 
inhibition of enzyme function, and oxidative damage.  As a result, molecular mechanisms 
have evolved to detoxify such compounds through chemical modification and/or efflux 




1.3.1 Overview of metal detoxification mechanisms 
 The transition metals cobalt, copper, zinc, manganese, molybdenum, nickel are 
essential for bacterial and archaeal enzyme function, oxidative stress response and 
environmental sensory (Madigan, 2003; Tottey, 2007).  In contrast, the heavy metals 
arsenic, cadmium, chromium, lead, mercury, tellurium, thallium and silver have not been 
demonstrated to be required by microbial cells but rather demonstrate toxicity (Rosen, 
2002; Lloyd, 2003; Silver and Phung, 2005).  The toxicity of  heavy metals and high 
concentrations of essential metals are manifested through improper ion substitution 
within metalloproteins, distruption of electron transport, disruption of ion transport, and 
catalysis of redox chemistry that promotes oxidative stress (Harrison et al., 2007).  
Therefore, multiple resistance mechanisms have evolved within prokaryotes to combat 
the toxicity of heavy metals and essential metals when either of these species approaches 
a minimum inhibitory concentration (Rosen, 2002; Silver and Phung, 2005).  
Mechanisms for metal resistance include ATP-driven efflux, chemiosmotic efflux, metal 
reduction, intracellular metal sequestration [Fig. 1.5., (Rosen, 2002; Lloyd, 2003; Silver 
and Phung, 2005; Remonsellez et al., 2006; Tottey, 2007)].  
 Microbial reduction of arsenic, chromium, cobalt, gold, mercury, molybdenum, 
palladium, silver, selenium, vanadium, neptunium, technetium, plutonium, and uranium 
have been demonstrated to be catalyzed by reductases, cytochromes, and hydrogenases 
(Lloyd, 2003).  Futhermore, the reduction of chromium, gold, neptunium, palladium, 
selenium, uranium, and vanadium by metabolically active microbial species has been 
shown to facilitate precipitation via transition to a less soluble valence state or enhancing 
ligand binding as a result of a change in valence state.   
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Studies investigating chromium resistance in Pseudomas aeruginosa and 
Cupriavidus metallidurans CH34 (formerly Ralstonia metallidurans CH34, Ralstonia 
eutropha and Alcaligenes eutrophus) the chromium resistance determinant ChrA 
permease identified in works synergistically with an unidentified cytoplasmic reductase 
(Nies et al., 1989; Ishibashi et al., 1990).  Detoxification of chromate [Cr(VI)] is 
facilitated by the efflux of chromium in the reduced valance state [i.e., Cr(III) ].   
Within the species Desulfovibrio vulgaris and Desulfovibrio desulfuricans, 
studies examining purified cytochrome c3 as well as mutational studies of this 
cytochrome have demonstrated the mechanism by which these sulfate-reducing species 
are capable of reducing U(VI) to U(IV) (Lloyd, 2003).  Currently, the cytochrome-
mediated reduction of uranium by Desulfovibrio spp. is the only characterized enzymatic 
mechanism for actinide reduction (Lloyd, 2003). 
Although cytochrome, hydrogenase, and non-specific cytoplasmic reductases play 
important roles in detoxifying toxic metals, the following sections will focus on the well 
characterized mercury (mer operon) and arsenic (ars operon) reductase systems. 
 
1.3.2 Metal reductases 
1.3.2.1 The mer operon 
Although mercury is naturally released into the environment through the 
weathering of mercuric minerals, hydrothermal vent and volcanic processes; the 
anthropogenic release accounts for 75% of all mercury introduced into the environment 
(Barkay et al., 2003; Mieiro et al., 2007).  The toxicity of mercury arises from the high 
affinity interactions of cysteine disulfide bridges and subsequent inactivation of mercury 
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bound protein (Barkay et al., 2003).  Consequently, prokaryotic mercury resistance genes 
are among the most prevalent metal resistance determinants occurring in both bacterial 
and archaeal lineages (Barkay et al., 2003; Silver and Phung, 2005; Simbahan et al., 
2005). 
The mer operon was first identified in the 1950’s in a clinic strain of Shigella 
flexneri harboring the R100 plasmid which contained the Tn21 transposon (Nakaya, 
1960).  The mechanisms of mercury detoxification have been well characterized in gram-
negative and gram-positive bacterial strains.  The regulation of mercury resistance genes 
is achieved by the MerR transcriptional activator which drives the expression of the 
periplasmic-localized inorganic mercury binding MerP protein; inner membrane MerT, 
MerC, and MerF transport proteins; organomercurial lyase MerB and mercuric reductase 
MerA.  The transport of oxidized mercury (Hg2+) from the extracellular environment into 
the cytoplasm is driven by cysteine binding motifs in both the periplasmic (MerP) and 
inner membrane (MerT, MerC, and MerF) proteins (Barkay et al., 2003; Silver and 
Phung, 2005).  Since ATP binding motifs are not associated with any of the proteins 
within the mer operon, transfer from among cysteine binding motifs or the membrane 
potential are believed to drive transport of mercury into the cell cytoplasm. 
Organomercurial detoxification is achieved by two proteins, MerG and MerB.  
Within most bacterial strains, organomercurial compounds are believed to be sufficiently 
nonpolar and pass through the lipid membrane but studies utilizing Pseudomonas plasmid 
pMR26 have demonstrated the ability of MerT and MerP to facilitate the transport of 
select organomercurials such as phenylmercuric acetate (PMA) (Uno, 1997; Barkay et al., 
2003).  There have been limited studies focusing on the perplasmic localized MerG 
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protein.  To date, studies utilizing the Pseudomonas plasmid pMR26 have only 
demonstrated that the MerG protein enhances resistance to PMA (Kiyono, 1999). Once 
organomercurials enter the cytoplasm, MerB, facilitates the reduction of the carbon 
bound mercury atom which releases ionized inorganic mercury (Barkay et al., 2003; 
Silver and Phung, 2005).  The Hg2+ ion is then reduced by MerA and volitalized zero-
valent mercury escapes the cell and enters the atmosphere (Barkay et al., 2003). 
 
1.3.2.2 The ars operon 
Similar to mercury, arsenic is naturally released into the environment through the 
weathering of arsenic bearing minerals but the anthropogenic releases via acid mining, 
antimicrobial feed additive in the poultry industry and the burning of coal are globally 
significant sources (Mukhopadhyay et al., 2002).  The toxicity of arsenic is due to the 
similarity of arsenate and phosphate ions. This similarity allows for arsenate transport via 
Pit and Pst phosphate transport systems (Mukhopadhyay et al., 2002).  The uncharged 
arsenite compound is transported into the cell cytoplasm via aqua-glyceroporins 
(Sanders, 1997).  
The ars operon regulates the detoxification of arsenic and antimony via ATPase 
(i.e. arsenite efflux ArsAB complex), diffusion transporter and reductase expression 
(Busenlehner et al., 2003).  The existence of efflux systems for both arsenate As(V) and 
arsenite As(III) is believed to be due to the emergence of oxygen 3.8 billions years ago.  
Prior to an oxygenated atmosphere, efflux of As(V) was probably not as necessary as 
As(III) efflux and thus As(III) efflux systems are believed to be the more ancient arsenic 
detoxification system (Mukhopadhyay et al., 2002).  
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The control of gene expression within the ars operon is achieved by 
transcriptional activator ArsR.  The detoxification of As(III), As(V), and Sb(III) is driven 
by the Ars A and ArsB efflux proteins and the ArsC reductase (Carlin, 1995; Silver and 
Phung, 2005).  Interestingly, arsenic efflux can be achieved via chemiosmotic transport, 
expression of only ArsB or ATP-driven efflux via the ArsAB complex (Mukhopadhyay 
et al., 2002). 
Arsenic in the form of As(III) has been found to be 100 times more toxic than 
As(V) (Neff, 1997).  As such, the arsenite oxidase encoded by the aoxA and aoxB must 
be considered when discussing arsenic resistance systems.  The arsenite resistance system 
does not contain the complexity observed in the ars operon but the presence of aoxA and 
aoxB genes have been demonstrated to enhance microbial survival.  Specifically, studies 
comparing the resistance of As(III) between wild type Alcaligenes faecalis strains and 
knockout mutants (i.e., lacking aoxA and aoxB) demonstrated a two-fold increase in 
sensitivity to decrease in resistance when exposed to soluble As(III) (Muller et al., 2003). 
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Figure 1.5.  Depiction of microbial heavy metal detoxification systems driven by redox 
state, chemiosmotic transport, ATPase catalyzed transport and phosphate complexation.  
Adapted from (Silver and Phung, 2005).  
 
 
1.3.3 Metal efflux systems 
 Heavy metal efflux systems in prokaryotes are categorized by two unique modes 
of transport: 1) Chemiosmotic coupled efflux of metal ions and 2) ATP-driven efflux 
systems (Silver and Phung, 2005).  Chemiosmotic transport systems are further 
subdivided into the Major Facilitator Superfamily, Cation Diffusion Facilitator family, 
Resistance Nodulation Cell Division Superfamily, chromate efflux, and arsenite efflux 
systems (Haney et al., 2005; Silver and Phung, 2005).   
The ATP driven efflux systems of metal ions are carried out by the inner 
membrane-anchored P-type ATPases.  The superfamily of P-type ATPases has been 
shown to efflux the ions of hydrogen, sodium, potassium, calcium, cadmium, copper, 
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lead, nickel, silver, zinc as well as sugars, amino acids, and lipids (Kuhlbrandt, 2004).   
All P-type ATPases share four common structural features: 1.) 8 transmembrane helical 
domains, 2.) ATP-binding domain, 3.) phosphorylation domain, and 4.) 
dephosphorylation domain (Tsai et al., 2002; Kuhlbrandt, 2004; Silver and Phung, 2005).  
The divalent metal PIB-type ATPases differ from all other P-type ATPases in that they 
contain an intracellular cysteine metal binding motif (Tsai et al., 2002).  It is the 
intracellular metal binding motif that specifically allows for the efflux of cytoplasmic-
accumulating cadmium, copper, lead, nickel, silver, zinc (Rosen, 1996; Nies, 2003; Silver 
and Phung, 2005).  
In contrast to P-type ATPase metal efflux systems, chemiosmotic systems 
function as ion antiporters which efflux periplasmic accumulating metals (Nies, 2003; 
Silver and Phung, 2005).  Chemiosmotic metal detoxification systems function by 
coupling the uptake of hydrogen ions to the efflux of heavy metals which include 
cadmium, cobalt, nickel, silver, and zinc (Nies, 2003).  Metal detoxification via P-type 
ATPases and chemiosmotic efflux occurs by decreasing cytoplasmic and periplasmic 
metal concentrations, respectively.  To examine the potential synergy between the P-type 
ATPases CadA, ZntA, and the CzcCBA chemiosmotic metal efflux systems in 
Cupriavidus metallidurans strain CH34, knockout studies were recently conducted 
(Legatzki et al., 2003).  Deletion of zntA and cadA P-type ATPases demonstrated that 
CzcCBA was able to detoxify micromolar concentrations of cadmium and zinc.  
Resistance to millimolar concentrations of cadmium and zinc, observed in the wild-type 
strain, required either ZntA or CadA in addition to CzcCBA (Legatzki et al., 2003).  
Thus, the combination of cytoplasmic and periplasmic efflux systems provide enhanced 
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resistance without the need for enzymatic metal transformations (i.e., redox and 
methylation transformations). 
 
1.3.4 Metal complexation 
 The intracellular and extracellular immobilization of toxic metals has been 
observed in plants, fungal, bacterial, and archaeal strains (Klaus-Joerger et al., 2001; 
Malik, 2004; LeDuc and Terry, 2005; Silver and Phung, 2005).  Fortuitious metal 
complexation as a result of microbial respiration has been observed in sulfate-reducing 
bacteria.  Phosphate complexation of divalent metals and radionuclides has been 
demonstrated in polyphosphate granule-accumulating bacteria and in bacterial strains 
overexpressing of NSAPs (Macaskie et al., 1992; Renninger et al., 2004; Suzuki and 
Banfield, 2004; Martinez et al., 2007). 
 Sulfate-reducing microbial communities have been shown to biomineralize 
cadmium, cobalt, chromium, copper, manganese, nickel, selenium, and zinc as sulfide 
precipitates (White, 1998).  Unfortunately, the introduction of oxygen into these reduced 
systems fosters sulfur oxidizing microorganisms and ultimately resolublizes the metal 
sulfide precipitates.  Thus phosphate biomineralization approaches are attractive as they 
are not sensitive to changes in redox potential. 
 Phosphate mediated complexation can reduce the local cellular concentration of 
toxic metals and radionuclides via intracellular sequestration or extracellular 
precipitation. Polyphosphate overexpressing Arthrobacter strains isolated from a uranium 
tailing was observed to sequester uranium intracellularly via polyphosphate complexation 
(Suzuki and Banfield, 2004).  This intracellular sequestration along with an observed 
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enhanced tolerance to acidic uranium solutions demonstrate the potential benefit 
polyphosphate granule accumulation may have in cell survival.  The complexation of 
metals and radionuclides has been shown to be facilitated by acid and alkaline 
phosphatase organophosphate hydrolysis (Macaskie et al., 1992; Powers et al., 2002; 
Appukuttan et al., 2006; Martinez et al., 2007).  Gram-negative and gram-positive 
bacteria isolated from the ORFRC demonstrated overexpression of NSAPs (Martinez et 
al., 2007).  Interestingly, addition of 200 μM soluble uranium to an actively dividing 
Rahnella sp. culture resulted in 106-fold decrease in culturable cells 12 h post uranium 
addition.  A return to culturability was observed 36 h post uranium addition concomitant 
with the precipitation of over 80% of soluble uranium.  As NSAP knock-out mutants 
were not compared in growth experiments with uranium supplementation, the extent to 
which microbial phosphatase activity contribute to cell survival under metal and 
radionuclide stress conditions remains to be elucidated.  Undoubtedly, complexation 
reactions alleviate the oxidative stress faced by microbial communities from metals and 
radionuclides. 
  
1.4 Dissemination of detoxification mechanisms by horizontal gene transfer 
 
The acquisition of genetic information via horizontal gene transfer (HGT) 
event(s) can provide the recipient cell a competitive growth advantage by rapidly 
providing resistance to antibiotics and heavy metals, virulence capabilities, and 
expanding the metabolic capabilities of the host cell (Frost et al., 2005).  The following 
sections will highlight the influence of HGT within marine and terrestrial environments. 
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1.4.1 Overview of horizontal gene transfer 
The transfer of genetic material between dividing cells, either prokaryotic or 
eukaryotic is considered vertical transmission.  It is the vertical transfer of genetic 
material that is the mode by which successive generations of a given species are 
perpetuated.  In contrast, horizontal gene transfer (HGT) is the exchange of genetic 
material between two related or unrelated species.  Dissemination of genetic information 
via HGT is facilitated by mobile genetic elements which include bacteriophage, plasmids, 
genomic islands, integrons, transposons, and insertion sequences as well as the 
integration of naked DNA translocated from the extracellular environment to the cell 
cytoplasm (i.e., transformation)(Sorensen et al., 2005).   
The mosaic nature of microbial genomes, as observed in the inconsistencies of 
microbial phylogenetic topologies, reflects the influence of HGT on microbial genome 
innovation (Doolittle, 1999; Gogarten and Townsend, 2005).  Futhermore, the evidence 
of HGT in eukaryotic genome evolution has been observed in comparative analysis of 
archaeal, bacterial, and eukaryotic genomes (Choi and Kim, 2007; Rivera, 2007).  
Archaea and Bacteria have been identified as contributing to distinct portions of the 
eukaryotic genome.  Transcription, translation and other functionally similar genes within 
eukaryotic cells have been shown to be more closely related to orthologous genes within 
Archaea while genes involved in biosynthesis of amino acids and lipids have been shown 
to be more closely related to orthologous genes of Bacteria (Rivera et al., 1998; Rivera 
and Lake, 2004).  Thus, HGT can significantly influence microbial evolution and 
diversification on short timescales by providing a selective growth advantage or 
contributing to the innovation of prokaryotic and eukaryotic genomes. 
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Although the genotypes and phenotypes indicative of HGT can be identified, the 
mechanisms that specifically control HGT events are not well understood and thus 
remain an area of active research (Zatyka and Thomas, 1998).  HGT events provide 
recipient cells with a selective advantage in ever changing environments with varying 
stressors (i.e. nutrients, antibiotics, heavy metals, predators, etc.).  As the diversity of 
nutritional requirements, tolerance/resistance to toxic compounds, and the presence of 
predators vary in mixed microbial communities, it is not possible to identify one stressor 
that promotes HGT (Johnsen and Kroer, 2007).  Recent studies examining stressors such 
as nutrient availability, antibiotics, and induction of the DNA repair ‘SOS regulatory 
system’ have been shown to enhance HGT rates (van Elsas and Bailey, 2002; Beaber et 
al., 2004; Springael and Top, 2004; Lopez et al., 2007).  Furthermore, nitrates and 
actinides (present in Cold war legacy contaminated subsurface soils) have been 
demonstrated to induce DNA damage through hydrolysis and alkylation (Dykhuizen et 
al., 1996; Miller et al., 2002; Craft et al., 2004; Lundberg et al., 2004).  Therefore, within 
environments contaminated with oxidants such as heavy metals, radionuclides and 
oxyanions DNA damage is likely and in response HGT rates may be enhanced.  
 
1.4.2 Horizontal gene transfer in marine systems 
 Within the aquatic environment, recent horizontal gene transfer and the mobile 
genetic element studies have focused on the occurrence and diversity of plasmid and 
bacteriophage (Sobecky et al., 1997; Sobecky et al., 1998; Edwards and Rohwer, 2005; 
Lindell et al., 2005 1117; Comeau et al., 2006; Zhang et al., 2006).  Recent studies 
investigating microbial diversity in Marianas trench deep sea sediments, Antarctic deep 
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sea water column, and prokaryotes associated with the East Pacific Rise hydrothermal 
vent tubeworm (Alvinella pompejana)  have revealed evidence for horizontal gene 
transfer between archaeal species, between bacterial species, and between archaeal and 
bacterial species (Tamegai et al., 2004; Moreira et al., 2006; Moussard et al., 2006).  
These investigations relied on the analysis of PCR amplified gene products and 
metagenomic DNA.  Evidence of HGT in these deep sea environments was determined 
by differences in gene organization within a nar gene cluster of a Pseudomonas strain 
obtained from the Marianas trench (Tamegai et al., 2004).  Examination of metagenomic 
DNA from a novel myxobacterial related δ-proteobacterial strain in the Antarctic water 
column revealed evidence for HGT via comparative protein sequence analysis.  An 
acetyltransferase gene present in the δ-proteobacterial metagenomic DNA demonstrated 
high identity with a low G+C Bacillus cereus acetyltransferase (Moreira et al., 2006).  
HGT between archaeal lineages within the hydrothermal vent system was demonstrated 
by atypical base composition in the gene encoding the putative translation factor Sua5, 
while nucleotide deletions present within a putative permease demonstrated evidence for 
bacterial at archaeal HGT (Moussard et al., 2006).  In contrast to coastal HGT studies, the 
diversity of mobile genetic elements in the deep sea environment has not been examined 
to any extent and further studies are needed.  
 
1.4.3 Horizontal gene transfer in terrestrial systems 
 Horizontal gene transfer studies in terrestrial environments have largely focused 
on the study of human and plant pathogenic bacteria, soil microbes harboring catabolic 
genes applicable to organic bioremediation, and soil microbes harboring toxic metal 
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resistance determinants (Silver and Misra, 1988; Frost et al., 2005).  This section will 
focus on the horizontal gene transfer of metal resistance determinants. 
Bacterial metal resistance determinants can occur on chromosomes, plasmids and 
transposons.  The mobile gene pool, namely plasmids, has reprentatives that encode one 
or multiple metal resistant determinants and all known metal resistance determinants 
have been shown to be encoded on plasmids.  Additionally, the linkage of antibiotic and 
metal resistance determinants has been well characterized in gram-negative and gram-
positive bacteria (Silver and Misra, 1988; Nies, 1992; Baker-Austin et al., 2006).  
Metal resistance determinants for mercury, arsenic, antimony, cadmium, 
chromium, copper, nickel, and zinc have been well characterized in the Tn21 subtype of 
Tn3-like transposons and plasmids from Staphylococcus spp., Cupriavidus metallidurans 
CH34 (Yoon et al., 1991; Rosenstein et al., 1992; Liebert et al., 1999; Mergeay et al., 
2003; Vandamme and Coenye, 2004). 
 Chemiosmotic as well as ATP-driven efflux systems have been identified on 
mobile genetic elements (i.e., plasmids and transposons) present in both gram-positive 
(Nucifora et al., 1989; Nies, 1992; Lebrun et al., 1994; O'Sullivan et al., 2001) and gram-
negative bacteria (Nies, 1992; Larbig et al., 2002; Mergeay et al., 2003).  A recent study 
examining 22 archaeal and 188 bacterial genomes provided evidence for the horizontal 
gene transfer of PIB-type ATPases (Coombs and Barkay, 2005).  Only 7% of the species 
examined demonstrated evidence of HGT.  The authors suggested that PIB-type ATPase 
HGT has a minimal affect on microbial genome innovation.  This claim was based on 
evidence that 8 % of the isolates obtained from uncontaminated deep subsurface soils 
demonstrated HGT of PIB-type ATPases and 7% of the prokaryotic species with 
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completed genome sequences demonstrated HGT of PIB-type ATPase (Coombs and 
Barkay, 2004, 2005).  In contrast, the Sobecky laboratory demonstrated that 20% of the 
culturable isolates from metal- and radionuclide-contaminated soils had evidence for the 
HGT of PIB-type ATPases [discussed further in Chapter 3 (Martinez et al., 2006b)].  HGT 
within the metal- and radionuclide-contaminated soils contaminated soils was 
demonstrated to be a recent event as indicated by a lack of nucleotide base amelioration 
(Martinez et al., 2006b).  The contradiction between the extent of HGT in isolates 
obtained from uncontaminated environments to those obtained from contaminated 
environments suggests:  i) HGT of PIB-type ATPases within contaminated evironments 
has a greater impact on microbial genome innovation than previously considered or ii) 
HGT of PIB-type ATPases prior to the introduction of soil contaminants has driven the 
structure of the present microbial community.  
 
1.5 Applications of microbial processes to global sustainability issues 
 
 The introduction of metals and radionuclides into the environment occurs via 
natural release mechanisms (i.e., volcanic activity, expulsions of hydrothermal vent 
fluids, and the dissolution of metal bearing minerals) and anthropogenic release (i.e., 
mining, industry, nuclear power and weapons development (Lloyd, 2002; Newman and 
Banfield, 2002; Gavrilescu, 2004; Mieiro et al., 2007).  Within the United States, it is 
estimated that cleanup of metal and radionuclide contamination, as a result of the United 
States nuclear weapons research program, will cost $300 billion (DOE, 2000). 
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During the years 1942-1992, the United States nuclear weapons research program 
maintained research and manufacturing facilities in 36 states, this amounted to 120 
unique sites requiring remediation of organic, metal and radionuclide contaminants 
(DOE, 1997).  In 1997, an estimated 75 million cubic meters of contaminated soil and 
more than 470 billion gallons of contaminated groundwater required remediation (DOE, 
1997).  
 Although a recent DOE report highlighted the closure of 86 Cold War era nuclear 
weapon facilities, sites such as Hanford, Savannah River, Idaho and Oak Ridge national 
laboratories still require extensive cleanup efforts for the safe decommissioning of these 
sites (DOE, 2007).  Currently, the Field Research Center at the Oak Ridge National 
Laboratory (Oak Ridge, Tennessee) supports an interdisciplinary effort comprised of 
academic and government laboratory researchers focusing on both chemical (abiotic) and 
microbial mediated in situ sequestration of co-contaminating metals and radionclides.  
The insight gained from studying the microbial and geochemical constraints involved in 
metal and radionuclide sequestration will ultimately be applied to the remaining DOE 
Cold War legacy sites requiring cleanup. 
 In attempts to address metal and radionuclide contaminated soils and 
groundwater, the use of various physical and chemical remediation strategies have 
yielded limited success.  Methods such as excavation, pump and treat, adsorption to 
mineral phases (zero valent iron), ion exchange, mineral precipitation (hydroxyapatite, 
bone char) and organic complexation (inositol-6-phosphate) are plagued with high cost 
and short-term effectiveness (Bruno et al., 1995; Sato et al., 1997; Nash et al., 1998; 
Barlow, 2005).  In contrast to the proven success of excavation for the treatment of 
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petroleum contaminated soils; the excavatation, transportation, and storage of metal and 
radionuclide contaminated soils simply moves the contaminants from one location to 
another without effectively treating the contaminants (Barlow, 2005).  Furthermore, the 
hazard of excavation of metal and radionuclide contaminated soils is predominantly the 
dispersal of toxic dust during all stages of the process.  
Chemical treatment methods such as zero valent iron and phosphate mineral 
reactive barriers have had limited success due to the fact that metals and radionuclides, 
when present in high concentrations, precipitate and/or adsorb in such high quantities that 
subsurface groundwater flow paths are diverted.  This localized change in hydraulic 
conductivity of subsurface soils exacerbates subsurface containment issues by increasing 
the region influenced by the contaminant plume.  Thus, a bioremediation approach or the 
in situ stimulation of microbial communities that can promote the dissolution of metals 
and radionuclides is an attractive alternative that can circumvent issues associated with 
chemical treatment methods. 
 Bioremediation is defined as the use of plants and microbes to detoxify 
contaminants present in the environment (Philp, 2005).  Prior to bioremediation activities 
in metal and/or radionuclide contaminated sites, an understanding of the local geology 
and geochemistry is necessary.  The geochemical parameters of redox potential and pH 
are required to determine the solubility of reduced or complexed metals.  Specifically, the 
elements chromium, mercury, and uranium have marked changes in solubility and 
bioavailability when the valence state transitions from the oxidized to reduced state.  The 
reduced valence state for these elements has been demonstrated to be less toxic as well as 
greatly decreasing solubility (Barkay et al., 2003; Lloyd, 2003).  Equally important is the 
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pH of the contaminated environment.  In addition to redox changes, pH will also 
determine the solubility of metals and radionuclides (Langmuir, 1997).  Defining these 
parameters in uranium contaminated subsurface is vital for successful bioremediation 
strategies. 
Within the subsurface, local geochemistry and microbial activity can influence 
changes in Eh and pH which will ultimately affect uranium solubility.  Changes in 
uranium oxidation will dictate changes in solubility as the +VI valence state is soluble 
and the +IV valance state is insoluble at pH 7 (Banaszak et al., 1999).  In the absence of 
complexing ligands, low pH environments enhance uranium solubility as does a high pH 
carbonate-rich environment.  Thus, strategies that focus on reductive precipitation or 
biomineralization of uranium must consider the pH and redox potential of the 
environment as well as the pH optima to promote growth of the strain(s).  Microbial 
metal interactions which catalyze the reductive precipitation, biosorption, 
bioaccumulation, and biomineralization are mechanisms by which in situ sequestration of 
metals and radionuclides can be facilitated (Fig. 1.6). 
Studies examining the metal-reducing genera Desulfovibrio, Geobacter, 
Pseudomonas and Shewanella have demonstrated great promise for applications focusing 
on the reductive precipitation or volatilization of toxic metals and radionuclides (Lovley 
et al., 1991; Wade and DiChristina, 2000; Payne et al., 2002; Barkay et al., 2003; Lloyd, 
2003).  Due to the required low redox potential for the reductive precipitation of 
transition metals and radionuclides, the introduction of oxygen and oxyanions can re-
oxidize and re-mobilize the reduced element.  Additionally, metal reducing 
microorganisms can remobilize metal species.  This is exemplified during the 
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volatilization of mercury via microbial mercuric reductase enzymes. Reduced zero-valent 
mercury is not sequestered but rather volatilized and transported into the atmosphere 
where is soon can soon become oxidized and become deposited in a new environment 
(Barkay et al., 2003).  This cycle of microbial reduction and atmospheric oxidation is 
repeated and perpetuates the cycle of environmental mercury contamination. 
Cell surface adsorption and intracellular bioaccumulation have been studied as 
potential strategies for metal and radionuclide immobilization.  The ionizable carboxyl 
and phosphate functional groups present on prokaryotic cell surfaces support the binding 
of metals (Haas et al., 2001).  Studies examining the adsorptive capabilities of 
Arthrobacter, Bacillus, Lactbacillus, and Streptomyces spp. have demonstrated the 
removal of up to 95% of soluble uranium and thorium (Tsuruta, 2004, 2006).  Although 
bioadsorption has proved an effective method for the removal of radionuclide bearing 
solutions, these studies have used solutions with less that 1 mM uranium or thorium and 
therefore this approach appears to be best suited as a polishing treatment step to address 
micromolar concentrations of liquid radionuclide waste. 
The overexpression of the polyphosphate accumulating ppk gene has been shown 
to immobilize divalent metals and radionuclides within growth media and with the cell 
cytoplasm (Boswell et al., 2001; Pan-Hou et al., 2002; Renninger et al., 2004).  
Overexpression of the ppk gene in Pseudomonas aeruginosa was demonstrated to 
accumulate 100 times more phosphate than the unengineered P. aeruginosa strain and 
under carbon-limiting conditions, polyphosphate granules depolymerized resulting in the 
extracellular precipitation of 80% of the 1mM soluble uranium (Renninger et al., 2004).  
The chelating properties of polyphosphates have been indicated to be the mechanism for 
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intracellular accumulation of mercury by Escherchia coli overexpressing the Klebsiella 
aerogenes ppk gene (Pan-Hou et al., 2002). 
Aerobic biomineralization of metals and radionuclides has not been as extensively 
studied as the approach employing reductive precipitation.  In lieu of this fact, metal 
phosphate and metal sulfide biomineralization have demonstrated promise as 
bioremediation approaches (Macaskie, 1991; Macaskie et al., 1992; Macaskie et al., 
1997; White, 1998).  The geochemical stability of insoluble metal- and radionuclide-
phosphates allows for in situ sequestration in environments that having changing redox 
potential and changing pH.  In contrast, the stability of reductively precipitated metals 
and radionuclides are challenged by changes in microbial community composition, 
oxygen concentration, oxyanion concentrations, and mineral interactions (Liu et al., 
2002; Wan et al., 2005; Brodie et al., 2006; Moon et al., 2007).  
The hydrolysis of organophosphate molecules through the enzymatic activities of 
NSAPs provides a phosphate-mediated metal and radionuclide biomineralization 
strategy.  Extensive studies on the gram-negative Serratia sp. NCIMB 40259 (formerly 
Citrobacter species) which overexpresses a Class C NSAP have demonstrated the 
isolates metal precipitating capabilities.  Specifically, the Serratia sp. NCIMB 40259 
strain was shown to precipitate divalent metals, actinides, as well as demonstrate the ion 
exchange potential of uranyl phosphate minerals to remove cooccurring heavy metals 
(Macaskie et al., 1992; Macaskie et al., 1994; Paterson-Beedle et al., 2006). The study in 
Chapter 4 demonstrates the uranium precipitating capabilities of Bacillus and Rahnella 
spp. isolated from the ORFRC metal and radionuclide contaminated deep subsurface.  
The Bacillus and Rahnella spp. were shown to foster the precipitation of uranium as a 
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uranyl phosphate mineral through the activities of Class A and Class C of NSAPs, 
respectively (Beazley et al., 2007; Martinez et al., 2007). 
 
 
Figure 1.6.  Characterized microbe-metal interactions applicable to bioremediation 
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PROKARYOTIC DIVERSITY AND METABOLICALLY ACTIVE 
MICROBIAL POPULATIONS IN SEDIMENTS FROM AN ACTIVE 




 The studies in this chapter examine cold seep marine sediment microbial 
diversity, specifically sediments associated with a Gulf of Mexico (GoM) marine mud 
volcano.  Marine mud volcanoes have been estimated to release 27 Tg of methane per 
year into the water column; as such, marine mud volcano systems represent a globally 
significant source of methane.  Therefore, identification of the methane oxidizing 
prokaryotic communities associated with these sediments is necessary to understand 
marine methane fluxes and their potential influence on global climate.  Previous studies 
examining prokaryotic diversity in cold seep sediments have relied on total DNA 
extractions.  As starvation conditions have been shown to enhance 16 rRNA degradation, 
the isolation of total 16S rRNA from mud volcano sediments can delineate differences 
between metabolically active microbial communities and total microbial diversity.  To 
determine the metabolically active prokaryotic community within GoM mud volcano 
sediments, we extracted total archaeal and bacterial DNA as well as rRNA.  A PCR-
based approach was employed to identify total prokaryote diversity (DNA clone libraries) 







In this study, ribosomes and genomic DNA were extracted from three sediment 
depths (0 to 2, 6 to 8, and 10 to 12 cm) to determine the vertical changes in the microbial 
community composition and identify metabolically active microbial populations in 
sediments obtained from an active seafloor mud volcano site in the northern Gulf of 
Mexico. Domain-specific Bacteria and Archaea 16S PCR primers were used to amplify 
16S rDNA gene sequences from extracted DNA.  Complementary 16S ribosomal DNA 
(crDNA) was obtained from rRNA extracted from each sediment depth that had been 
subjected to reverse transcription-polymerase chain reaction-PCR amplification.  Twelve 
different 16S clone libraries, representing the three sediment depths, were constructed 
and a total of 154 rDNA (DNA-derived) and 142 crDNA (RNA-derived) Bacteria clones 
and 134 rDNA and 146 crDNA Archaea clones obtained.  Analyses of the 576 clones 
revealed distinct differences in the composition and patterns of metabolically active 
microbial phylotypes relative to sediment depth.  For example, ε-Proteobacteria rDNA 
clones dominated the 0 to 2 cm clone library whereas γ−Proteobacteria dominated the 0 
to 2 cm crDNA library suggesting γ−Proteobacteria to be among the most active in situ 
populations detected at 0 to 2 cm.  Some microbial lineages, although detected at a 
frequency as high as 9% or greater in the total DNA library (i.e., Actinobacteria, α-
Proteobacteria), were markedly absent from the RNA-derived libraries suggesting a lack 
of in situ activity at any depth in the mud volcano sediments. This study is one of the first 
to report the composition of the microbial assemblages and physiologically active 
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Mud volcanoes are areas of focused active fluid seepage occurring both 
terrestrially and in undersea locales (Milkov and Sassen, 2001; Dimitrov, 2002; Kopf, 
2003; Etiope and Milkov, 2004).  Submarine mud volcanoes are seafloor diaper 
structures that exhibit seepage of mud and fluid [i.e., water, brine, oil and gas 
(predominately methane)] with episodic eruptions into the surface strata and overlaying 
water column (MacDonald et al., 2000; Milkov, 2000; Dimitrov, 2002).  Although the 
mechanisms promoting mud volcano formation are varied (Dimitrov, 2002), the global 
distribution of seafloor mud volcanoes, estimated to be in the range of 103-105, represents 
a considerable and still largely unexamined source of carbon input to the overlaying 
sediment, water column and atmosphere (Eichhubl et al., 2000; Milkov, 2000; Kopf, 
2003; Etiope and Milkov, 2004).  In recent years, an increasing number of studies have 
attempted to address the fate of methane originating from these undersea mud volcanoes, 
its potential impact on the global carbon cycle (Sassen et al., 2003) and the role of 
benthic marine microbial communities on the consumption (i.e., oxidation) of this 
greenhouse gas (Hinrichs et al., 1999; Boetius et al., 2000; Orphan et al., 2001b). 
 The northern continental slope of the Gulf of Mexico (GoM), a hydrocarbon seep 
region with documented mud volcanoes (MacDonald et al., 2000), contains vast 
reservoirs of oil and gas deposits, areas of active gas venting and gas hydrate mounds 
 53
occurring as outcrops on the seafloor.  In contrast to the extensive efforts to characterize 
the geochemical and microbiological parameters of methane rich cold seeps including 
shallow and deeper water sites in the GoM (Lanoil et al., 2001; Zhang, 2002; Mills et al., 
2003; Joye et al., 2004), fewer studies have attempted to investigate the microbial 
community composition of seafloor mud volcano systems. Although microbial 
community structure and potential function have recently been characterized from mud 
volcanoes located in Eastern Mediterranean Ridge and Norwegian continental slope 
(Pimenov, 1999; Pancost et al., 2000; Pimenov et al., 2000), to date none of these studies 
have attempted nucleic acid-based characterizations of these microbial populations. 
A previous characterization of the GoM mud volcano site examined in this study, 
seafloor depth of 600 m, indicated the presence of high-molecular-weight hydrocarbons 
while gas sampling of the fluid indicated the composition was >99% methane 
(MacDonald et al., 2000). No attempts, however, were made to characterize the extant 
microbial communities associated with this GoM mud volcano system.  In the present 
study, sediments were collected from the mud volcano site designated GB425 using a 
manned research submersible.  The objectives were to characterize the diversity of 
microbial populations through sediment depth profiles by a culture-independent DNA-
based approach and determine the composition of metabolically active members of the 
microbial community by a culture-independent RNA-based method.  Total DNA and 
RNA were extracted from mud volcano sediment samples and 16S clone libraries 
generated from PCR and reverse transcription-polymerase chain reaction (RT-PCR) 
amplification products, respectively.  This is one of the first molecular-based 
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characterizations of metabolically active members of a sediment microbial community 




2.4.1 Restriction fragment length polymorphism (RFLP) and rarefaction analyses of 
16S rDNA and 16S crDNA GoM clone libraries 
 
The composition of the Bacteria and Archaea community in a mud volcano site in the 
Gulf of Mexico (GoM) was determined by 16S rRNA phylogenetic analyses of clone 
libraries derived from RNA and DNA extracted from three different sediment depths.  
Twelve different 16S rRNA libraries were constructed representing a total of 154 
Bacteria 16S rDNA clones (DNA-derived), 142 Bacteria 16S complementary rDNA 
clones (RNA-derived, denoted crDNA), 134 Archaea 16S rDNA clones and 146 Archaea 
16S crDNA clones. All clones were grouped according to restriction fragment length 
polymorphism (RFLP) patterns. Rarefaction analysis was conducted to determine if a 
sufficient number of clones from each of the libraries were screened to estimate diversity 
within each of the clone libraries sampled (Fig. 2.1). Curves reached saturation for 
Archaea clones obtained from DNA and RNA (Fig. 2.1). Thus, a sufficient number of 
clones were sampled representative of the Archaea diversity of the DNA and RNA-
derived libraries.  In contrast, curves did not reach saturation for the Bacteria rDNA and 
crDNA libraries (Fig. 2.1). Although additional sampling of the Bacteria rDNA clones 
would be needed to reveal the full extent of the diversity, numerous dominant RFLP 
groups were obtained.  Specifically, one dominant group of clones from each of the 
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Bacteria rDNA (02B-9; Fig. 2.2) and crDNA (12BR-1; Fig. 2.2) libraries comprised 36% 
and 15% of all clones, respectively.  
 
 
Figure 2.1  Rarefaction curves determined for different RFLP patterns of Archaea and 









   
  
Figure 2.2  Phylogenetic tree of relationships of 16S rDNA and crDNA Proteobacteria-
related clone sequences, as determined by distance Jukes-Cantor analysis, from sediments 
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collected from Gulf of Mexico GB425 mud volcano (in boldface) to selected cultured 
isolates and environmental clones. Sequences derived from DNA templates are denoted 
by B, RNA templates by BR. Designations of environmental clone sequences: are API, 
Antarctic pack ice; AO, Arctic Ocean; BS, Black Sea; CM, Cascadia Margin; CR, 
chlorinated compound reduction; CSS, cold seep sediment; GB, Guaymas Basin; GoM, 
Gulf of Mexico; HS, hydrocarbon seep; HV, hydrothermal vent; JT, Japan Trench; NS, 
North Sea; SB, Santa Barbara Basin. GenBank accession numbers are in brackets.  
Bootstrap values represent 1,000 replicates and only values greater than 50% are 
reported.  The scale bar represents 0.05 substitutions per nucleotide position. Stacked 
histograms denote rDNA and crDNA phylotypes with 4 or more representative clones 
detected at each of the following depths; 0-2 cm ( ), 6-8 cm ( ) and 10-12 cm ( ). 
 
 
2.4.2 Bacteria community composition based on 16S rDNA sequence analyses 
 Analysis of the 154 rDNA Bacteria clones indicated the greatest phylogenetic 
diversity relative to the other clone libraries (Fig. 2.1, Fig. 2.2 and Fig 2.3).  With few 
exceptions the Bacteria clones obtained were most related to as yet uncultured lineages.  
A total of 40 distinct RFLP patterns representing ten distinct phylogenetic lineages were 
detected (data not shown). A vast majority of the sequenced clones (113 of 143) belonged 
to the Proteobacteria (Table 2.1 and Fig. 2.2). Of these, 55% were related to the ε-
Proteobacteria, including the most numerically dominant phylotype, 02B-9, most similar 
to a cold-seep clone from Guaymas Basin (Table 2.1).  This phylotype comprised 36% of 
the total rDNA clone library and was detected at all three depths, most frequently at 0 to 
2 cm (Fig. 2.2).  Overall, the frequency of the ε-related clones decreased with sediment 
depth with some phylotypes not detected at either the 6 to 8 cm or 10 to 12 cm (Fig. 2.2 
and 2.5A).  Phylogenetic analyses indicated that the ε-related rDNA clones clustered 
tightly with other environmental clones from other cold seep sediments (Fig. 2.2).   
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Figure 2.3  Phylogenetic tree of relationships of 16S rDNA and crDNA non-
Proteobacteria clone sequences, as determined by distance Jukes-Cantor analysis, from 
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sediments collected from Gulf of Mexico GB425 mud volcano (in boldface) to selected 
cultured isolates and environmental clones. Designations of environmental clone 
sequences are: AD, anaerobic digestor; CM, Cascadia Margin; DSS, deep subsurface; ES, 
estuarine sediment; GB, Guaymas Basin; GoM, Gulf of Mexico; JT, Japan Trench; MV, 
mud volcano; OC, Oregon coast; SBC, Santa Barbara Channel; SCS, South China Sea; 
SO, Sea of Okhotsk; SR, soil rhizosphere. GenBank accession numbers are in brackets. 
Bootstrap values represent 1,000 replicates and only values greater than 50% are 
reported.  The scale bar represents 0.05 substitutions per nucleotide position. Stacked 
histograms denote rDNA and crDNA phylotypes with 4 or more representative clones 
detected at each of the following depths; 0-2 cm ( ), 6-8 cm ( ) and 10-12 cm ( ). 
 
The remaining proteobacterial lineages (α, δ,  and γ) comprised between 14 and 16% of 
the total 16S rDNA library.  The sole GoM α−phylotype, most closely related to a North 
Sea environmental sequence (Table 2.1) (Zubkov et al., 2002) represented 26% of the 
total clones detected at 6 to 8 cm (Fig. 2.2 and 2.5A).  With the exception of this α-
related phylotype, no one phylotype numerically dominated these DNA clone libraries 
(Table 2.1 and Fig. 2.2). Overall, the γ−  and δ−phylotypes exhibited the greatest 
phylogenetic diversity relative to all proteobacterial lineages detected (Fig. 2.2). The 
number of δ-related clones detected was highest at 10 to 12 cm (Fig. 2.5A) and only one 
phylotype (68B-27; Table 2.1), most similar to an environmental sequence from Cascadia 
Margin (Knittel et al., 2003), was detected at more than one depth. Similarly, γ-
Proteobacteria related clones increased numerically in abundance with increasing depth 
(Fig. 2.5A).  The remaining 30 sequenced clones were related to non-Proteobacteria 
lineages including Actinobacteria and Bacteroidetes (Table 2.1).  Actinobacteria 
represented 9% of all rDNA clones detected.   Four distinct RFLP patterns were observed 
(data not shown) and all of the Actinobacteria-related phylotypes were most similar 
(Table 2.1) to a cold seep environmental sequence from Guaymas Basin (Teske et al., 
2002) (Fig. 2B) and to several Mediterranean mud volcano clones (unpublished).  Similar 
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percentages of these clones were detected for each of the depth profiles (Fig. 2.5A). 
There may be depth-restricted phylotypes, though these clones occurred infrequently 
(n<4) in the clone library (Fig. 2.3). The Bacteroidetes-related clones represented 8% of 
the total rDNA Bacteria library and clones 12B-2 and 02B-58 (Table 2.1) exhibited 
potential similar depth restricted pattern as some of the Actinobacteria-related clones 
(Fig. 2.3).  These two phylotypes are also phylogenetically distinct from each other (Fig. 
2.3). Chloroflexi, Firmicutes, and Planctomycetes-related clones were observed, 
however, these clones occurred infrequently (n<4) (Fig. 2.3). Clones related to 
Firmicutes, Planctomycetes and Chloroflexi each comprised 4% or less of the total rDNA 




















Figure 2.4  Phylogenetic tree of relationships of 16S rDNA and crDNA archaeal clone 
sequences, as determined by distance Jukes-Cantor analysis from sediments collected 
from GB425 mud volcano to selected cultured isolates and environmental clones. 
Sequences derived from DNA templates are denoted by A, RNA templates are denoted 
by AR.  Designations of environmental clone sequences are: CM, Cascadia Margin; DT, 
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digestive tract (marine fish); ER, Eel River; GAB, Great Artesian Basin; GB, Guaymas 
Basin; GoM, Gulf of Mexico; HV, hydrothermal vent; MS, marine sediments; MT, 
Mariana Trench; SB, Santa Barbara Basin; SO, Sea of Okhotsk; SP, salt pond. GenBank 
accession numbers are in brackets. Bootstrap values represent 1,000 replicates and only 
values greater than 50% are reported.  The scale bar represents 0.05 substitutions per 
nucleotide position. Stacked histograms denote rDNA and crDNA phylotypes with 4 or 
more representative clones detected at each of the following depths; 0-2 cm ( ), 6-8 cm 
( ) and 10-12 cm ( ). 
 
 
Figure 2.5.  (A). Frequency of bacterial phylogenetic lineages detected in 16S rDNA 
(DNA) and 16S crDNA (RNA) clone libraries derived from sediment depth intervals 0 to 
2 cm, 6 to 8 cm and 10 to 12 cm. Calculations were based on the total number of clones 
associated with phylotypes from which a representative clone had been sequenced.  (B). 
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Frequency of archaeal phylogenetic lineages detected in 16S rDNA (DNA) and 16S 
crDNA (RNA) clone libraries derived from sediment depth intervals 0 to 2 cm, 6 to 8 cm 
and 10 to 12 cm. Calculations were based on the total number of clones associated with 
phylotypes from which a representative clone had been sequenced. 
 
 
2.4.3 Phylogenetic diversity of metabolically active Bacteria 
 Analysis of the 142 Bacteria crDNA clones (RNA-derived) revealed a lower 
diversity relative to the Bacteria rDNA library (Fig. 2.1, 2.2, and 2.3) and again included 
predominately uncultured bacterial lineages (Table 2.1).  A total of 33 RFLP patterns 
representing seven distinct phylogenetic lineages were detected (data not shown).  The 
vast majority of the sequenced clones (100 of 111) were representative of the 
Proteobacteria (Fig. 2.2). Of these, 50% were δ−related, including the most numerically 
dominant phylotype, 12BR-1 (Table 2.1 and Fig. 2.2). This phylotype was most closely 
related to an environmental clone sequence recently obtained from Gulf of Mexico 
sediments associated with seafloor-breaching gas hydrates located 105 to 131 kilometers 
to the east of GB425 (Mills et al., 2003; Mills et al., 2005).  The percentage of δ-related 
crDNA clones detected increased with increasing depth (Fig. 2.5A). A similar trend was 
observed with the δ-related rDNA-derived clones (Fig. 2.5A).  The three most 
numerically dominant δ-related phylotypes were detected at all three depths (Fig. 2.2).  
The δ-related phylotypes exhibited considerable phylogenetic relatedness as evidenced 
by the occurrence of several distinct GoM clades (Fig. 2.2). The remaining 44 
Proteobacteria-related crDNA clones represented the γ- and ε-lineages with γ 
representing the second most frequently detected metabolically active lineage (Fig. 2.2).  
Eight distinct γ−related phylotypes, comprising 32% of the total crDNA library, were 
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detected with the most numerically dominant phylotype, 02BR-2, most similar to an 
environmental sequence from Guaymas Basin (Fig. 2.2 and Table 2.1).  In contrast to the 
δ-related crDNA clones, γ-related clones were detected most frequently at 0 to 2 cm (Fig. 
2.5A). The sole ε-related phylotype, 68BR-7, most similar to a cold seep clone sequence 
from Guaymas Basin (Table 2.1) (Teske et al., 2002), was detected at all depths (Fig. 
2.2).   
 The remaining crDNA clones were related to the non-Proteobacteria phyla, 
Bacteroidetes and Chloroflexi (Fig. 2.3).  Bacteroidetes-related crDNA clones were most 
closely related to Cytophaga fermentans (Fig. 2.3).  Neither of the two Bacteroidetes-
related phylotypes were detected at 0 to 2 cm.  Chloroflexi-related crDNA clones were 
only detected at the 0 to 2 cm and 10 to 12 cm depths. 
 
2.4.4 Archaea community composition based on 16S rDNA sequence analyses 
 Analysis of the 134 Archaea rDNA clones revealed lower diversity relative to the 
Bacteria rDNA library (Fig. 2.1 and 2.4) and included only uncultured archaeal lineages.  
A total of 14 RFLP patterns representing six distinct phylotypes were detected (data not 
shown). The majority of the Archaea clones (107 of 134) belonged to the order 
Methanosarcinales (Fig. 2.4). Of these clones, 49% were related to the ANME-2B clade, 
including the most numerically dominant phylotype 02A-3. This phylotype was most 
closely related to an environmental clone sequence obtained from a marine cold seep 
(Table 2.1) (Orphan et al., 2001b).  The second most dominant phylotype, 02A-7, was 
most closely related to an environmental clone sequence within the ANME-2A clade 
(22% of the total library) (Hinrichs et al., 1999) and comparable numbers were detected 
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at all depths (Fig. 2.4). Clones related to anaerobic methane oxidizing archaeal 
populations (i.e., ANME-2A and 2B; Table 2.1) were detected at all three depths (Fig. 
2.5B). However, phylotype 02A-21 was detected more frequently at 6 to 8 cm (Fig. 2.4). 
In contrast, the most dominant phylotype, 02A-3, occurred less frequently at the 6 to 8 
cm depth (Fig. 2.4). 
 The remaining eight phylotypes, comprising 27 rDNA clones, were related to 
non-methanogenic lineages including Marine Groups I and III (van der Maarel et al., 
1998; Lanoil et al., 2001; Benlloch et al., 2002; Inagaki et al., 2003; Mills et al., 2003), 
Marine Benthic Group B (Mills et al., 2003) and unclassified Euryarchaeota (Teske et 
al., 2002).  The most numerically dominant phylotype, 02A-2, comprised 10% of the total 
library and was distantly related (Table 2.1) to environmental clone GoM GC234 001R 
previously isolated from hydrate-bearing cold seep sediments in the northern GoM (Fig. 
2.4) (Mills et al., 2003).  This phylotype was detected at all depths with similar frequency 
(Fig. 2.5B).  A total of 5 phylotypes (n=8 clones) clustered with the Marine Group III 
(Fig. 2.4).  With the exception of 02A-9, clones related to this group were detected only 
at 6 to 8 cm and 10 to 12 cm.  Similarly, phylotype 02A-11 comprising 4% of the total 
library and only distantly related to an environmental clone sequence (Table 2.1) (Zhang, 
2002) was most frequently detected at 10 to 12 cm (Fig. 2.4).  
 
2.4.5 Phylogenetic diversity of metabolically active Archaea 
 Analysis of the 144 Archaea crDNA (i.e., RNA-derived) clones revealed lower 
diversity relative to the Bacteria crDNA library (Fig. 2.1) and included only uncultured 
lineages related to putative anaerobic methane oxidizers from other cold seep locales 
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(Table 2.1).  A total of 8 RFLP patterns comprising four distinct phylotypes were 
detected (data not shown) from the metabolically active archaeal populations.  All of the 
sequenced clones were representatives of the order Methanosarcinales (Table 2.1 and 
Fig. 2.4). Of these, 65% were related to the ANME-2A clade, including the most 
numerically dominant phylotype denoted 12AR-3 (61% of the total crDNA library; Table 
2.1). This phylotype was most closely related to the cold seep environmental sequence 
Ba2H11fin from California continental margin hydrate-containing sediments (Table 2.1) 
(Hinrichs et al., 1999).  This phylotype occurs at comparable frequency at all three depths 
(Fig. 2.4). The second most metabolically active lineage was related to ANME-2C and 
was detected approximately 2-fold more frequently at 0 to 2 cm and 10 to 12 cm (Fig. 
2.5B).  ANME-2C-related phylotype 02AR-1 comprised 27% of the total crDNA library 
and was most closely related to an environmental sequence (Table 2.1) (Hinrichs et al., 
1999).  In contrast to the ANME-2C lineage, the remaining two metabolically active 
lineages related to ANME-2B and AMNE-2D, 68AR-4 and 68AR-18, respectively, were 
most frequently detected at 6 to 8 cm.  
 
2.4.6 Quantitative PCR of ANME-2A and ANME-2C 
 A number of environmental studies have reported discrepancies between RNA-
derived and DNA-derived clone libraries, specifically clones detected only in crDNA 
libraries (Nogales et al., 1999; Nogales et al., 2001; Mills et al., 2005; Moeseneder et al., 
2005). Although ANME-2A clones were detected in both libraries, we were unable to 
detect ANME-2C clones in any of the DNA-derived libraries (Fig. 2.5B).  To determine 
if the lack of ANME-2C rDNA clones detected in this study was perhaps due to either 
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low cellular abundance yet high metabolic activity or to methodological issues, the 16S 
rDNA copy number per gram of sediment of the dominant ANME-2 clades detected in 
the RNA libraries (i.e., ANME-2A and ANME-2C) was determined.  Primers for ANME-
2A amplification, designed in this study, and ANME-2C-specific primers previously 
reported (Girguis et al., 2003) were tested against all ANME-2 clades from GoM libraries 
and Methanosarcina acetivorans.  No cross-reactivity with either ANME-2C- or ANME-
2A-specific primers was observed in non-quantitative PCR reactions (data not shown).  
SYBR-based quantitative PCR results indicated minimal ANME 2A- and 2C-primer 
cross-reactivity (i.e., four orders of magnitude less per unit template, only detected in the 
last 2 to 3 cycles of the reaction) only between ANME-2B and ANME-2A, respectively 
(data not shown).  Estimated 16S rDNA copy number per gram sediment of ANME-2A 
and ANME-2C populations indicated a significant increase (ANOVA, P < 0.001) with 
depth (Table 2.2). Sediments did, however, have considerable ANME-2C 16S rDNA 
copies ranging from 2.35 x 104 to 4.74 x 105 per gram, abundances that were in some 








 This study is the first to report the composition of the microbial assemblages 
(based on DNA-derived libraries) as well as the metabolically active members of the 
archaeal and bacterial populations (based on rRNA-derived libraries) extant in a seafloor 
mud volcano in the northern Gulf of Mexico.  Moreover, this is also one of the first 
descriptions of the metabolically active archaeal and bacterial populations from a seafloor 
mud volcano as determined by RT-PCR of 16S rRNA along a sediment depth profile.  
Marine methane seep systems have repeatedly been shown to harbor uncultured and 
frequently novel microbial lineages (Hinrichs et al., 1999; Boetius et al., 2000; Orphan et 
al., 2001b; Nauhaus et al., 2002; Girguis et al., 2003; Mills et al., 2003; Mills et al., 2004; 
Mills et al., 2005).  In contrast, less is known with regard to microbial community 
structure in submarine mud volcano systems. 
 Metabolically active microbial communities were detected at all depths sampled 
within the GoM mud volcano sediments.  A 4- and 6.8-fold higher RNA:DNA ratio was 
observed for 0 to 2 cm depth relative to 6 to 8 cm and 10 to 12 cm respectively.  As cell 
numbers were comparable at each depth perhaps other factors may be influencing 
metabolic activity (e.g., salinity). In the current study, a limited coincidence of 
overlapping 16S rDNA and rRNA clones was detected. It is tempting to speculate that 
this result is due (largely) to the differences in the abundance versus the metabolically 
active fraction of the mud volcano sediment community. However, it is well recognized, 
that DNA- and RNA-based molecular based approaches to characterize microbial 
communities are subject to inherent technical biases (Baker et al., 2003 238).  Such 
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biases include differential and/or incomplete cell lysis, differences in nucleic acid 
extraction and recovery as well as primer biases that can affect the overall microbial 
diversity estimation. As methodology for the extraction of RNA from soil and sediments 
suitable for enzymatic manipulation has improved (Alm and Stahl, 2000; Hurt et al., 
2001), an increasing number of studies have attempted to characterize the metabolically 
active bacterial and archaeal populations from diverse habitats (Miskin et al., 1999; 
Nogales et al., 1999; Nogales et al., 2001; Inagaki et al., 2002; Mills et al., 2004; 
Moeseneder et al., 2005).  However, fewer studies have conducted corresponding DNA 
and RNA analyses on the same samples (Teske et al., 1996; Nogales et al., 1999; Nogales 
et al., 2001; Mills et al., 2005; Moeseneder et al., 2005).  As has been reportedly 
previously, microbial growth rates correlate strongly with rRNA content (Nomura et al., 
1984).  Therefore, when attempting to compare DNA-derived clone libraries to 
comparable RNA-derived libraries differing levels of metabolic activity (e.g., 
concentrations of ribosomes per cell) may affect the relative frequencies of clones 
observed in each library (Nogales et al., 2001; Koizumi et al., 2003; Moeseneder et al., 
2005).  
 Analyses of the 12 Bacteria and Archaea clone libraries representing three 
different sediment depths (0 to 2, 6 to 8 and 10 to 12 cm) revealed distinct differences in 
the patterns of metabolically active bacterial and archaeal fractions relative to their 
respective DNA-derived libraries obtained from the same sediment depth.  For example, 
direct comparison of Bacteria crDNA and rDNA libraries from the 0 to 2 cm depth 
indicated that ε-Proteobacterial rDNA clones dominated the clone library.  However, the 
γ-Proteobacteria, rather than the ε group, dominated the RNA-derived library in this 
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study thus indicating γ to be among the most active in situ populations detected at 0 to 2 
cm.  The γ-Proteobacteria populations subsequently decreased in activity with increasing 
sediment depth suggesting environmental conditions less favorable to cell growth and 
metabolic activity. These findings are in contrast to the results observed for the δ lineage 
wherein both the DNA and RNA libraries show an increase in relative abundance of δ-
related clones with respect to increasing sediment depth.  This is not unexpected as the 
phylotypes associated with this proteobacterial class are likely involved in sulfate 
reduction, a process generally restricted to anoxic niches.  We have observed similar 
trends for the γ, ε and δ classes in comparable sediment depth profiles associated with 
Beggiatoa sp. mat communities as well as sediments (0 to 2 cm depth) associated with 
surface-breaching gas hydrate mounds located in northern Gulf of Mexico cold seep 
systems (Mills et al., 2003).  
 Some microbial lineages, although detected at a frequency as high as 9% or 
greater in the total DNA library (i.e., Actinobacteria, α-proteobacteria), were markedly 
absent from the RNA-derived libraries suggesting a lack of in situ activity in the mud 
volcano sediments.  A similar trend was observed with the non-methanogenic lineages 
(i.e., Marine Groups I and III, Marine Benthic Group B and the unclassified 
Euryarchaeota group).  Although these four lineages were detected at all sediment depths 
by DNA analyses, none of these groups appeared to be metabolically active in situ. 
Although the ANME-2B lineage dominated at the 0 to 2 cm and 10 to 12 cm depth based 
on DNA analyses, the ANME-2A and ANME-2C populations were the most 
metabolically active in situ.  It is interesting to note that although we detected ANME-2A 
in rDNA and crDNA clone libraries, we failed to detect ANME-2C in our DNA-derived 
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library.  This result may indicate that GoM ANME-2C related Archaea, while perhaps 
less abundant, are more metabolically active relative to ANME-2B.  The occurrence of 
metabolically active anaerobic methane oxidizing and sulfate reducing populations 
suggests a highly favorable environment for the anaerobic oxidation of methane in GoM 
mud volcano sediments.  However, corroborating geochemical data will need to be 
obtained to substantiate our hypothesis. 
 Numerous studies have reported the characterization of the microbial community 
structure from marine cold seep sedimentary systems (Hinrichs et al., 1999; Boetius et 
al., 2000; Orphan et al., 2001b; Nauhaus et al., 2002; Girguis et al., 2003; Knittel et al., 
2003; Mills et al., 2003; Mills et al., 2004; Mills et al., 2005), including efforts describing 
a possible bacterial and archaeal partnership(s) promoting the anaerobic oxidation of 
methane (Boetius et al., 2000; Orphan et al., 2001a; Michaelis et al., 2002; Kallmeyer, 
2004).  However, to date, only a limited number of studies have addressed the 
microbiology of marine mud volcano systems (Pancost et al., 2000; Pimenov et al., 2000; 
Yakimov, 2002).  Seafloor mud volcanoes, sites of vast gas seepage, have been proposed 
to play a significant role in atmospheric greenhouse gas (methane) emissions (Dimitrov, 
2002; Kopf, 2003; Sassen et al., 2003; Etiope and Milkov, 2004).  A previous study had 
suggested, based on stable isotope and biomarker analyses, that methanogenic 
microorganisms can readily consume the majority of methane released from mud volcano 
sediments in the Mediterranean (Pancost et al., 2000).  While anaerobic methane 
oxidizing microbial populations were the (only) metabolically active archaea detected in 
our study, direct evidence for the oxidization of released methane from GB425 is lacking.  
Thus, to better understand the microbially mediated contributions to carbon (methane) 
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cycling and regulation in methane-rich sedimentary systems such as Gulf of Mexico mud 
volcanoes locales, information on the composition, activity and geochemistry of mud 
volcano-associated microbial communities is needed.   
 
2.6 Experimental procedures 
 
2.6.1 Site description and sampling  
 The study site sampled is located in the northern GoM continental slope province. 
The site, GB425 (600 m water depth) is located at 27°33'N, 92°32'W. A description of 
the geology and chemistry of this ‘mud lake’ has been previously reported (MacDonald 
et al., 2000). Mud samples, fluidized in hypersaline brine (approx. 133‰ salinity), were 
saturated with methane (MacDonald et al., 2000).  A manned submersible (Johnson Sea-
Link) was used during a July 2002 cruise to retrieve sediment cores and fluids.  Multiple 
sediment core samples (2.9 cm OD, 12-15 cm length) were collected and immediately 
processed on shipboard.  The length of the retrieved core represents the average sample 
depth that could be recovered from the submersible.  Cores were aseptically processed 
and sectioned into 2 cm intervals and immediately stored in liquid N2.  Salinity values for 
0 to 2, 6 to 8, and 10-12 cm depths were 95‰, 104‰, and 110‰, respectively. Microbial 
cell counts per gram (wet weight) of sediment were comparable at all depths sampled (0 





2.6.2 Preparation of reagents and materials used with RNA extractions 
 Prior to shipboard handling or laboratory-based nucleic acid extractions, potential 
contaminating RNases were removed from all solutions. All stock solutions and water 
were treated with 0.1% diethylpyrocarbonate (DEPC) overnight at 37oC and autoclaved. 
All glassware and non-plastics were baked as described in (Hurt et al., 2001). All 
surfaces and plastics were cleaned with RNase Erase (ICN) to remove contaminating 
RNases during shipboard and laboratory manipulations.   
 
2.6.3 Nucleic acid isolation 
 Total ribonucleic acids were extracted essentially as described in Hurt et al. 
(2001) from 10 g (wet weight) of sediment sampled in triplicate from each sediment 
depth (0 to 2, 6 to 8, and 10 to 12 cm).  In brief, sediment samples stored in liquid N2 
were repeatedly thawed by physically grinding in the presence of a denaturing solution (4 
M guanidine isothiocyanate, 10 mM Tris-HCl [pH 7.0], 1 mM EDTA, 0.5% 2-
mercaptoethanol) and refrozen by immersion in liquid N2. The sediment samples were 
incubated for 30 min at 65oC in pH 7.0 extraction buffer (100 mM sodium phosphate [pH 
7.0], 100 mM Tris-HCl [pH 7.0], 100 mM EDTA [pH 8.0], 1.5 M NaCl, 1% 
hexadecyltrimethylammonium bromide [CTAB], and 2% sodium dodecyl sulfate [SDS]) 
and centrifuged (1,800 × g, 10 min). The supernatants from three separate extractions 
were pooled, extracted with 24:1 (vol/vol) chloroform-isoamyl alcohol, and centrifuged 
(1,800 × g, 20 min). RNA was precipitated at room temperature (30 min) in isopropyl 
alcohol.  Samples were pelleted by centrifugation (16,000 × g, 20 min) and resuspended 
in DEPC-treated water.  The corresponding genomic DNA fractions from each depth 
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were extracted, pooled and purified from triplicate sediment samples as described in 
Mills et al. (2003).   The integrity of total nucleic acids and DNase I treated RNA were 
visualized via agarose (1.0%) gel electrophoresis. The concentration of recovered RNA 
and DNA respectively at each depth was 85.2 and 42.8 µg/g (0 to 2 cm), 22.2 and 45.3 
µg/g (6 to 8 cm) and 18.1 and 60.9 µg/g (10 to 12 cm). Corresponding RNA:DNA ratios 
indicated the highest value, 1.99, occurred at 0 to 2 cm and ratios decreased with depth, 
i.e., 0.49 (6 to 8 cm) and 0.29 (10 to 12 cm). 
 
 2.6.4 Reverse transcription and amplification of rRNA 
 Aliquots of rRNA were reverse transcribed with Moloney murine leukemia virus 
(MMLV) reverse transcriptase according to manufacturer’s instructions (Invitrogen). 
DNaseI-treated purified RNA was initially denatured by heating (65oC) for 10 min. The 
reverse transcription reaction mix consisted of 5 μM of a 16S rRNA reverse primer 
amplifying either domain-specific Bacteria, i.e., DXR518 (5'-
CGTATTACCGCGGCTGCTGG-3') (Nogales et al., 1999) or Archaea, i.e., Arch958R 
(5'-YCCGGCGTTGAMTCCAATT-3') (DeLong, 1992), 50-100 ng of denatured RNA 
and 200 μM dNTP mix. The mixture was incubated for 5 min at 65oC and 2 min at 4oC 
followed by the addition of 1 × first-strand buffer (50 mM Tris-HCl  [pH 8.3], 75 mM 
KCl, 3 mM MgCl2) and heating at 37oC for 2 min. A 200-U aliquot of MMLV was added 
prior to a 50 min incubation at 37oC that resulted in transcription of the RNA into 
complementary 16S ribosomal DNA (crDNA).  The crDNA end product was used as the 
template for a standard PCR reaction. Possible DNA contamination of RNA templates 
was routinely monitored by PCR amplification of aliquots of RNA that were not reverse 
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transcribed.  No contaminating DNA was detected in any of these reactions. The primers 
used for standard PCR amplification included the above reverse primers (DXR518 and 
Ar958R) and 16S rDNA forward domain-specific Bacteria, 27F (5'-
AGAGTTTGATCCTGGCTCAG-3') and Archaea, A341F (5'-
CCTAIGGGGIGCAICAG-3') primers (Johnson, 1994; Watanabe et al., 2002). The PCR 
mix contained 10 to 50 ng of crDNA, 1× PCR buffer (Stratagene), 1.5 mM MgCl2, 200 
μM of each dNTP, 0.25 μM of each forward and reverse primer, and 1.7 Units Taq 
polymerase (Takara Bio). Amplicons were analyzed on 1.0% agarose gels run in TBE 
buffer stained with ethidium bromide and UV illuminated.  
 
2.6.5 Polymerase chain reaction amplification of genomic DNA 
 The amplification of Bacteria 16S rDNA using 27F (5'-
AGAGTTTGATCCTGGCTCAG-3') and 1522R (5'-AAGGAGGTGATCCARCCGCA-
3') (Johnson, 1994) and of Archaea 16S rDNA using Arch21F (5'-
TTCCGGTTGATCCYGCCGGA-3') and Arch958R (5'-YCCGGCGTTGAMTCCAATT-
3') (DeLong, 1992) from purified extracted sediment community DNA was followed as 
previously described in Mills et al. (2003). Amplified products were analyzed on 1.0% 
agarose gels run in TBE buffer, stained with ethidium bromide, and UV illuminated. 
Amplicons were subsequently pooled from three to five reactions and purified with the 





2.6.6 Environmental clone library construction 
 16S amplicons, derived from RNA (crDNA) and DNA samples (rDNA), were 
subsequently pooled from three to five reactions and cloned into the TOPO TA cloning 
vector pCR2.1 according to manufacturer’s instructions (Invitrogen).  To prevent 
amplification of Escherichia coli host 16S rDNA, M13F and M13R primers were used to 
amplify inserts from Bacteria crDNA and rDNA and Archaea crDNA clones and 
Archaea rDNA clones were amplified with Arch21F and Arch958R primers (DeLong, 
1992).  PCR products from both Bacteria and Archaea rDNA libraries were digested with 
MspI.  PCR products from Bacteria and Archaea crDNA libraries were digested with 
MspI/HhaI and RsaI/HhaI, respectively.   Clones were grouped according to restriction 
fragment length polymorphism (RFLP) banding patterns, unique clones identified and 
sequenced as described in Mills et al. (2003).  Multiple (e.g., two or more) representative 
clones were sequenced from RFLP groups containing five or more members. Sequencing 
was performed at the Georgia Tech core DNA facility using a BigDye Terminator v3.1 
Cycle sequencing kit on an automated capillary sequencer (model 3100 Gene Analyzer, 
Applied Biosystems).  
 
2.6.7 Phylogenetic and rarefaction analysis 
 Briefly, multiple sequences of individual inserts were initially aligned using the 
program ‘BLAST 2 Sequences’ (Tatusova and Madden, 1999) available through the 
National Center for Biotechnology Information and assembled with the program BioEdit 
v5.0.9 (Hall, 1999).  Sequences were checked for chimeras using Chimera Check from 
Ribosomal Database Project II (Maidak et al., 1999).  Sequences from this study and 
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reference sequences were subsequently aligned using CLUSTAL X (Thompson et al., 
1997).  An average of at least 550 nucleotides were included in the phylogenetic analyses 
of bacterial and archaeal clones.  Bootstrapped neighbor-joining trees (Saitou and Nei, 
1987) with 1,000 samplings were created in MEGA3 (Kumar et al., 2004) using the 
Jukes-Cantor model (Jukes, 1969).  Rarefaction analysis was performed using equations 
as previously described in (Heck et al., 1975).  Standard calculations were used to 
produce the curve using the total number of clones obtained compared to the number of 
clones representing each unique RFLP pattern. The 44, 16S rDNA and 34, 16S crDNA 
gene nucleotide sequences have been deposited in the GenBank database under accession 
numbers AY542549-AY542626.   
  
2.6.8 Quantitative PCR of ANME-2A and ANME-2C environmental rDNA 
 Primers specific for ANME-2A were designed by aligning previously published 
ANME-2A 16S rDNA sequences (Orphan et al., 2001b) with ANME-2A 16S rDNA 
sequences obtained from this study using CLUSTAL X (Thompson et al., 1997).  
Specificity of ANME-2A primers was determined by nBLAST nucleotide homology 
analysis (http://www.ncbi.nlm.nih.gov/BLAST/) and by PROBE_CHECK from the 
Ribosomal Database Project (http://rdp.cme.msu.edu/index.jsp). Cross-reactivity testing 
of ANME-2A primers was determined with Methanosarcina acetivorans genomic DNA, 
partial ANME-2B 16S rDNA gene sequences and partial ANME-2C 16S crDNA gene 
sequences.  Quantification of ANME-2A and ANME-2C 16S rDNA genes was 
conducted using clones GoM GB425 02A-7 (ANME-2A) and GoM GB425 02AR-1 
(ANME-2C) cloned into TOPO TA cloning vector pCR2.1.  Serial dilutions of plasmids 
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bearing ANME-2A and ANME-2C cloned 16S rDNA sequences were used to generate 
standard curves for quantification.  Environmental DNA from 0.5 g (wet weight) 
sediment isolated as previously described (Mills et al., 2003) was used as the template 
DNA with ANME-2A specific primers AR429F (5'-TCATTTGTTAGCAAGGGCCG-3') 
and AR805R (5'-AAACACGGTCGCACCGTGT-3') designed in this study and ANME-
2C specific primers AR468F (5'-CGCACAAGATAGCAAGGG-3') and AR736R (5'-
CGTCAGACCCGTTCTGGTA-3') (Girguis et al., 2003). Amplification of 
environmental 16S rDNA sequences were conducted using 1X Platinum SYBR Green 
(Invitrogen) containing 0.375 U of Platinum Taq DNA polymerase, 200 μΜ each of 
dATP, dGTP, dCTP and dUTP, 3mM MgCl2, 250 μΜ AR429F and AR805R (ANME-
2A-specific) or AR468F and AR736R (ANME-2C-specific) and 0.25 U uracil-N-
glycosylase.  SYBR Green quantitative PCR assays were run as follows: initial 95°C for 
10 min and 40 cycles at 95°C for 1 min, 60°C for 1 min and 72°C for 1 min.  The 
expected PCR product size of 377 bp (ANME-2A) and 274 bp (ANME-2C) was verified 
on a 1.0 % agarose gel.  
 
2.6.9 Data Analysis 
 A one-way analysis of variance (ANOVA) was performed in SYSTAT 9 to 
determine the significance of ANME-2A and ANME-2C 16S rDNA copy numbers along 






This is the first study to identify metabolically active prokaryotes within marine 
mud volcano sediments via rRNA extraction.  Our data identified δ-, γ-, and ε-
Proteobacteria as the dominant metabolically active bacterial lineages.  Analysis of 
metabolically active archaeal lineages identified ANME-2A and ANME-2C as the 
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HORIZONTAL GENE TRANSFER OF PIB-TYPE ATPASES 
AMONG BACTERIA ISOLATED FROM RADIONUCLIDE- AND 




This chapter examines the culturable aerobic heterotrophs isolated from 
radionuclide- and metal-contaminated mixed waste subsurface soils obtained from the 
U.S. Department of Energy’s (DOE) Field Research Center (FRC) in Oak Ridge, TN.  
Within the FRC contaminated soils, microorganisms must tolerate the low pH and high 
radionuclide and metal concentrations that resulted from the unregulated waste dumping 
during the U.S. nuclear weapons development program.  Thus, metal resistance genes are 
a necessity for microorganisms to survive in such environments.  Horizontal gene transfer 
(HGT) of metal resistance determinants such as PIB-type ATPases can enhance the 
survival of microbial communities present in mixed waste sites.  Here we examined 400 
culturable isolates that were obtained from the contaminated subsurface soils and 
screened for resistance to cadmium, chromium, lead, and mercury.  A subset of metal 
resistant isolates, which were dominated by Arthrobacter, Bacillus, and Rahnella spp., 
were screened for the presence of PIB-type ATPases as well as evidence that these genes 








 Aerobic heterotrophs were isolated from subsurface soils sampled from the U.S. 
Department of Energy’s (DOE) Field Research Center (FRC) located in Oak Ridge, 
Tenn.  The FRC represents a unique and extreme environment consisting of highly acidic 
soils, co-occurring heavy metals, radionuclides and high nitrate concentration.  Four 
hundred isolates from contaminated soils were assayed for heavy metal resistances and a 
smaller subset for tolerance to uranium.  The vast majority of the isolates were gram-
positive and belonged to the high G+C and low G+C genera Arthrobacter and Bacillus, 
respectively.  Genomic DNA from a randomly chosen subset of 50 Pb-resistant (Pbr) 
isolates was amplified with PCR primers specific for PIB-type ATPases (i.e., 
pbrA/cadA/zntA). A total of 10 pbrA/cadA/zntA loci exhibited evidence for acquisition by 
horizontal gene transfer.  A remarkable dissemination of these horizontally acquired PIB-
type ATPases was supported by unusual DNA base compositions and phylogenetic 
incongruence.  Numerous Pbr PIB-type ATPase-positive FRC isolates belonging to the 
genus Arthrobacter tolerated toxic concentrations of soluble U(VI) (UO22+) at pH 4.  
These unrelated, yet synergistic, physiological traits observed in Arthrobacter isolates 
residing in the contaminated FRC soils may contribute to their survival in such an 
extreme environment. This study is, to the best of our knowledge,  the first study to report 
the broad horizontal transfer of PIB-type ATPases in contaminated subsurface soils and is 
among the first studies to report uranium tolerance of aerobic heterotrophs obtained from 





  The remediation of hazardous mixed-waste sites, particularly those co-
contaminated with heavy metals and radionuclides, remains one of the most costly 
environmental challenges currently faced by the U.S. and other countries.  Interactions 
between microorganisms, radionuclides and metals that promote their precipitation and 
immobilization in situ are promising strategies for treatment and cleanup of the 
contaminated subsurface (Fredrickson et al., 2000; Anderson et al., 2003).  At mixed-
waste sites where concentrations of metal contaminants can reach toxic levels, the metal 
resistance of indigenous microbial populations could be critical for the success of in situ 
biostimulation efforts.  For example, while a number of microbes can carry out reductive 
precipitation of radionuclides (e.g., Desulfovibrio sp., Geobacter sp., Shewanella sp.) 
(Lovley et al., 1991; Wade and DiChristina, 2000; Payne et al., 2002), the sensitivity of 
these organisms to heavy metals could possibly limit their in situ activities.  Thus, the 
metal sensitivity of some radionuclide-reducing microbes suggests that the acquisition of 
metal resistance traits (e.g., PIB-type ATPases that regulate the transport of heavy metals) 
might be conducive to facilitating and/or enhancing microbial metabolism during 
subsequent biostimulation activities in metal- and radionuclide-contaminated subsurface 
environments.   
  The P-type ATPases represent a chromosomally-encoded superfamily of ion 
translocating proteins present in all three domains of life (Axelsen and Palmgren, 1998).  
The prokaryotic heavy metal-translocating PIB-type ATPases detoxify the cell cytoplasm 
by catalyzing the efflux of divalent ions (i.e., cadmium, cobalt, lead, nickel and zinc) 
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(Rensing et al., 1999; Axelsen and Palmgren, 2001; Nies, 2003).  The PIB-type ATPases 
represent one of three mechanisms for promoting microbial heavy metal resistance or 
tolerance: 1) metal reduction (Lovley et al., 1991), 2) metal complexation (Macaskie et 
al., 1992) and 3) ATP-dependent metal efflux (Nies, 1999).  In previous studies workers 
have also determined the presence of PIB-type ATPase genes encoded on mobile genetic 
elements (i.e., plasmids and transposons) present in both gram-positive (Nucifora et al., 
1989; Lebrun et al., 1994; O'Sullivan et al., 2001) and gram-negative bacteria (Larbig et 
al., 2002; Mergeay et al., 2003). 
  Analysis of completed microbial genomes has indicated that horizontal gene 
transfer (HGT) continues to be an important factor contributing to the innovation of 
microbial genomes (Nakamura et al., 2004; Beiko et al., 2005; Gogarten and Townsend, 
2005).  HGT driven by mobile genetic elements such as plasmids (Frost et al., 2005), 
insertion sequences (Mahillon and Chandler, 1998), integrons (Nemergut et al., 2004) 
transposons (Pearson et al., 1996), and phages (Canchaya et al., 2003) has been shown to 
provide microbes with a wide variety of adaptive traits for microbial survival and 
proliferation (e.g., antibiotic and heavy metal resistance, diverse metabolic capabilities, 
including xenobiotic degradation and virulence).  While point mutations contribute to 
microbial adaptation, the horizontal dissemination of genes has proven to be more critical 
in promoting rapid genomic flexibility and microbial evolution (Thomas and Nielsen, 
2005). However, HGT among some microbial populations, particularly those present in 
the deep subsurface, has been postulated to be unlikely to occur owing to the low cell 
densities and the low permeability of the soil strata (van Waasbergen et al., 2000).  
Recently, detectable HGT of bacterial PIB-type ATPases in bacterial isolates from a deep 
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subsurface environment free of heavy metal contamination has been reported (Coombs 
and Barkay, 2004).  Although the HGT of PIB-type ATPases was detected in only a few 
isolates, the extent of HGT may have been underestimated due to the close relatedness of 
the bacterial lineages studied (Coombs and Barkay, 2004).   
 In the present study, we examined the extent of horizontally transferred PIB-type 
ATPases in bacterial isolates cultured from subsurface soils with a history of radionuclide 
and heavy metal contamination.  The isolates were obtained from soil samples from the 
Department of Energy (DOE) Field Research Center (FRC) located in the Oak Ridge 
National Laboratory Reservation (Oak Ridge, TN).  The FRC subsurface is an extreme 
geochemical environment that places a number of stresses on the extant microbial 
community, including low pH (e.g., < 4), nitrate concentrations that can exceed 100 mM, 
and the cooccurrence of heavy metals and radionuclides (U and other actinides) 
(http://www.esd.ornl.gov/nabirfrc) (Petrie et al., 2003).  Our main objective was to 
examine the role of HGT in the evolution of metal homeostasis by performing 
phylogenetic analyses of sequences of zntA/cadA/copA-like genes amplified from the 
genomes of 50 lead-resistant (Pbr) subsurface bacteria.  The PIB-type ATPases were 
amplified from genomic DNA using a previously described set of PCR primers specific 
for this subfamily of ATPases (Coombs and Barkay, 2004). Analyses of 28 amplified 
zntA/cadA/pbrA-like loci revealed evidence for their horizontal transfer among 10 Pbr 
Arthrobacter spp. and Bacillus spp strains.  Our results indicate that the dissemination of 
PIB-type ATPases by HGT has occurred recently among isolates representing the 
Actinobacteria, Firmicutes and Proteobacteria phyla present in metal- and radionuclide- 
contaminated soils of the FRC. 
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3.4 Results and Discussion 
 
3.4.1 Viable bacterial populations from contaminated soils and metal resistance 
phenotypes 
 
Cultivation-based methods were used to isolate aerobic heterotrophs present in 
radionuclide- and heavy metal-contaminated subsurface soils at the U.S. DOE FRC. In 
the current study, the numbers of heterotrophic bacteria recovered from the contaminated 
FRC soils were low, ranging from < 10 CFU g-1 to 104 CFU g-1.  All four types of media 
utilized in this study yielded similar CFU counts.  Comparable low population densities 
for aerobic heterotrophs, isolated on the same media types used in this study, have been 
previously reported for contaminated soils from a high-level waste plume at the Hanford 
Site (Fredrickson et al., 2004).  While enrichment-based studies targeting Fe(III)-
reducing populations from FRC soils have also reported similar low population densities 
(Petrie et al., 2003), fewer studies have reported data for aerobic populations from the 
FRC.  Such information is particularly relevant as areas within contaminated FRC sites 
are already oxygenated and/or can become re-oxygenated during rain-driven recharge 
events.  Moreover, microorganisms maintaining metabolic activity in the presence of 
oxygen may play key roles in sequestration and immobilization of toxic radionuclides 
such as U(VI) via bioprecipitation processes (Lovley and Coates, 1997; Barkay and 
Schaefer, 2001).  These biologically mediated processes could represent alternative 
remediation strategies as recent studies have reported the enzymatic and/or abiotic 
reoxidation of bioreduced U (Finneran et al., 2002; Elias et al., 2003).  Additionally, 
previous kinetic studies have also shown that, in the presence of electron shuttles, Fe(III) 
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and Mn(IV) oxides promoted the abiotic oxidation of  U(IV) to U(VI) (Nevin and 
Lovley, 2000; Liu et al., 2002).   
     The majority (392 of 400) of the FRC isolates recovered from contaminated soils were 
gram-positive and belonged to the high G+C and low G+C genera Arthrobacter and 
Bacillus, respectively.  As many as 40% of all cultured isolates recovered from FRC soil 
were related to Arthrobacter based on 16S rDNA analysis (data not shown). Gram-
negative isolates recovered from the FRC sediments were most closely related to 
Rahnella (Fig. 3.1).  As the acidic FRC soils are co-contaminated with heavy metals 
(Brooks, 2001), it was of interest to determine the metal resistance phenotypes of the 
isolates, particularly as it has been postulated that Arthrobacter sp. (Suzuki and Banfield, 
2004) and Bacillus sp. (Merroun et al., 2005) could be important in promoting the 
remediation of uranium either through intracellular sequestration or bioadsorption 
mechanisms.  The percentage of FRC isolates (n = 400) that were resistant to the heavy 
metals cadmium, chromium, lead, and mercury were 10%, 11%, 44%, and 49%, 
respectively.  The majority of the FRC isolates also exhibited resistance to two or more 
metals (data not shown).  A comparison of metal resistances between gram-positive FRC 
isolates and gram-positive strains previously isolated from saturated deep subsurface 
sediments at the DOE’s Hanford and Savannah River (SRS) sites revealed marked 
differences in resistance phenotypes (Benyehuda et al., 2003).  Higher percentages of 
isolates from Hanford and SRS than of isolates from the FRC (11%) were shown to be 
resistant to chromium [38% and 37% respectively; (Benyehuda et al., 2003)].  The 
percentages of Hanford and SRS gram-positive strains resistant to lead were 48% and 
20%, respectively (Benyehuda et al., 2003).  While 49% of the FRC gram-positive 
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isolates were resistant to mercury, only 8% of the SRS isolates were mercury resistant 
(Benyehuda et al., 2003).  Cadmium resistance was not determined for the Hanford or 
SRS isolates in the previous study (Benyehuda et al., 2003).  It is important to note that 
the isolates from Hanford and SRS were cultured from uncontaminated soils from deeper 
saturated strata, whereas FRC isolates were recovered from the contaminated subsurface.  
Such site and depth variation could have contributed to the observed differences in metal 
resistance phenotypes among subsurface bacteria isolated from SRS, Hanford, and FRC 
sites.   
 
3.4.2 Horizontal transfer of PIB-type ATPases 
  A cellular enzymatic detoxification mechanism to remove toxic metals is the 
efflux pumping of mono- and divalent cations via chromosomally-encoded metal 
homeostasis genes [e.g., P-type ATPases (Kuhlbrandt, 2004)].  Mobile genetic elements, 
including broad-host-range conjugative plasmids, also encode resistance determinants 
thus promoting their horizontal transfer to unrelated  
microorganisms (Mergeay et al., 2003).  Recently, Coombs and Barkay (Coombs and 
Barkay, 2004) investigated the role of HGT in the evolution of lead resistance (Pbr) 
among 105 deep subsurface strains from uncontaminated Hanford and SRS saturated 
soils.  Using nested PCR primers designed to specifically amplify PIB-type ATPases (e.g., 
zntA/cadA/pbrA -like), this study produced evidence for HGT of zntA/cadA/pbrA-related 
loci among gram-negative Proteobacteria.  A total of 48 amplicons were obtained from 
105 Pbr isolates though only 4 of these amplicons, belonging to the genera Acinetobacter, 
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Comamonas, and Ralstonia, exhibited criteria (phylogenetic incongruency, G+C content) 
indicative of acquisition by HGT.   
   To trace the possible evolutionary path(s) of the metal homeostasis genes in FRC 
bacteria from the contaminated subsurface, ATPase genes derived from the genomic 
DNA of 50 randomly chosen Pbr isolates was amplified using a nested PCR approach 
with the same primer sets used by Coombs and Barkay (Coombs and Barkay, 2004) 
(Table 3.1); 33 and 28 FRC isolates yielded PCR products in reactions 1 and 2, 
respectively (Table 3.1).  The 28 amplicons obtained in reaction 2, (i.e., zntA/cadA/pbrA 
loci), represented a similar frequency as reported by Coombs and Barkay (Coombs and 
Barkay, 2004).  Sequences for 26 of the 28 amplicons were subsequently obtained; two of 
the 26 strains yielded products with two different primer sets (Table 3.1).  Sequence 
analyses of these 26 amplicons revealed the presence of numerous signature regions of 
PIB-type ATPases, including phosphorylation and ATP-binding domains (Lutsenko and 
Kaplan, 1995), thus demonstrating the utility of these particular primer sets.  Seventeen 
of the 26 amplicons were selected for further sequence analyses as all contained complete 




rRNA gene sequencing.  The remaining nine amplicons were not long enough for 
phylogenetic analyses due to truncations in one or more of the expected domain 
sequences (possibly due to insertions, deletions, or other recombination events). The only 
gram-negative strains from the 50 randomly chosen Pbr strains that had amplifiable PIB-
type ATPases were isolates FRC X7 and FRC Y9602.  These isolates had PCR 
amplifiable copA-related PIB-type ATPases (data not shown) along with the expected 
zntA/cadA/prbA loci (Fig. 3.1).  This result is not surprising given the limited number of 
control strains tested in the initial primer sets for the PIB-type zntA/cadA/prbA-specific 
ATPases (Coombs and Barkay, 2004).  Overall, the neighbor-joining and maximum 
likelihood tree analyses of the zntA/cadA/pbrA-like deduced amino acid sequences (e.g., 
500 to 600 bp) resulted in a tree with remarkable incongruency between the 16S rRNA 
and ATPase gene phylogenies (Fig. 3.1).  Seven of the 17 amplicons exhibited no 
unusual or unexpected incongruencies, which would have been suggestive of HGT, such 
as atypical G+C content or phylogenetic incongruency [Fig. 3.1 and Table 3.2, (Lawrence 
and Ochman, 1997)].  However, all seven of the zntA/cadA/pbrA-like sequences derived 
from Arthrobacter isolates exhibited evidence of recent acquisition by HGT.  
Specifically, the zntA/cadA/pbrA-like gene sequences amplified from FRC isolates V45 
and Z8, belonging to the phylum Actinobacteria, as determined by 16S phylogeny, (Fig. 
3.1) grouped in one of the two bifurcated nodes within the Firmicutes (Fig. 3.1).  In 
addition, the V45 and Z8 isolates contained zntA/cadA/pbrA-like genes with a G+C 
content much lower than expected for other Arthrobacter spp. [35 to 36 mol% instead of 
59 to 70 mol% (Keddie, 1986); Table 3.2].  A second set of PIB-type ATPases in FRC  
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Figure 3.1  Neighbor-joining analysis of (A) 16S rDNA and (B) zntA/cadA/prbA-like 
sequences from either subsurface FRC isolates or from completed genomes.  Accession 
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numbers are in parentheses; § denotes FRC strain containing one or more plasmids.  
Subsurface isolates shown in shaded boxes and connected by a dotted line are positive for 
horizontal acquired PIB-type ATPases related to zntA/cadA/prbA-loci.  Bootstrap support 
>50% is shown.  Scale bar for 16S rDNA and zntA/cadA/prbA phylogenies represent 0.1 
changes per nucleotide position and 0.1 changes per amino acid position, respectively. 
 
isolates AA1, AA20, AA21 and AA25, also belonging to the phylum Actinobacteria (Fig. 
3.1), clustered with ZntA/CadA/PbrA-like sequences most closely related to the second 
bifurcated node within the Firmicutes (Fig. 3.1).  These four isolates also exhibited 
unusual G+C contents (38 mol%; Table 3.2).  The ATPase-related sequences amplified 
from FRC isolates X11, Y7 and Y22, belonging to the phylum Firmicutes, clustered 
within one distinct γ−Proteobacteria ZntA/CadA/PbrA-like clade (Fig. 3.1).  Horizontal 
acquisition of thes ATPase genes is also supported by unusual DNA base compositions, 
as indicated by the G+C content (Table 3.2).  Strains, FRC-X11, FRC-Y7 and FRC-Y22, 
contained zntA/cadA/pbrA-like genes with a G+C content of 58 to 59 mol% (Table 3.2).  
This content varied considerably from the most closely related culturable isolate, Bacillus 
cereus which has a 32 mol% G+C (Claus, 1986).  Together, such phylogenetic 
incongruencies and unusual G+C content provides strong evidence for the horizontal 
acquisition of these PIB-type ATPases genes.  As determined by 16S rDNA gene analysis, 
Bacillus spp. isolates FRC-X11, FRC-Y7 and FRC-Y22 exhibited more than 96% 
identity, and the ATPase sequences amplified from these isolates exhibited more than 
97% amino acid identity (data not shown).  Interestingly, the γ−Proteobacteria-related 
ATPase amino acid sequences from isolates FRC-X34 and FRC-Y22 (Arthrobacter and 
Bacillus spp., respectively) (Fig. 3.1) exhibited 98% identity but represent two distinct 
phyla via 16S rDNA sequence (Actinobacteria and Firmicutes) (Fig. 3.1).  Although the 
G+C content of the zntA/cadA/pbrA-like sequence (59 mol%) amplified from isolate 
 94
FRC-X34 is similar to the reported G+C content of other Arthrobacter spp., many 
γ−Proteobacteria have comparable G+C contents (range, 38 mol% to 63 mol%) (Krieg, 
1984).  Thus, horizontal transfer of the zntA/cadA/pbrA-like gene to isolate FRC-X34 
may still be supported by our results, however we have denoted it here as a “maybe” for 
the purposes of this study (Table 3.2).  
 The FRC isolates were also screened for the presence of plasmids (Fig. 3.1).  Of 
the 10 strains that fulfilled the criteria that the PIB-type ATPases may have been acquired 
by HGT, 8 contained plasmids of sufficient size to encode such genes and to be either 
mobilizable and/or self-transmissible (data not shown).  Studies are being conducted to 
determine whether plasmid-encoded ATPase genes are indeed present in these isolates.  
Taken together, all of these findings are highly suggestive of a considerably broad and 
remarkable dissemination of horizontally acquired PIB-type ATPase genes from both the 
Firmicutes and Proteobacteria phyla to bacteria isolated from contaminated soils (Fig. 
3.1 and Table 3.2).  However, it is important to note that one cannot conclude, based on 
this current study, whether or not such HGT events occurred prior to or following FRC 
soil contamination.  Indeed, a host of other biological and/or environmental factors likely 






3.4.3 Tolerance to uranium (U) 
 In addition to the heavy metals, microorganisms in the FRC subsurface are 
subjected to other contaminants including radionuclides and organic solvents 
(http://www.esd.ornl.gov/nabirfrc).  Thus, to determine whether the heterotrophic FRC 
strains isolated in this study were capable of tolerating toxic concentrations of U, 
tolerance assays were conducted under acidic conditions with numerous isolates 
representing the most commonly isolated genera (e.g., Arthrobacter, Bacillus and 
Rahnella).   
   The isolates that were the least tolerant of both the acidic pH and U toxicity (i.e., 
200 µM uranyl acetate) assay conditions were the FRC Bacillus spp. (Table 3.3).  A 
similar result was reported for other Bacillus spp. previously isolated from an acidic 
inactive open-pit U mine (Suzuki and Banfield, 2004).  The exception was Bacillus sp. 
strain FRC-X18, which maintained viability at pH 4 (Table 3.3) and exhibited the least 
reduction in cell number in the presence of U (Table 3.3).  Strains FRC-N65, FRC-X18, 
and FRC-Y9-2 exhibited greater tolerance to the acidic pH conditions relative to the other 
Bacillus strains (Table 3.3).  The gram-negative Rahnella sp. strain FRC-Y9602 
exhibited only a slight decrease in cell viability (Table 3.3) due to pH conditions but a 
>100-fold loss of viability upon exposure to  U(VI).  The Arthrobacter strains exhibited 
the greatest tolerance to the low-pH and U conditions (Table 3.3).  Of the six 
Arthrobacter strains tested, the A. histidinolovarans control strain exhibited the greatest 
decrease in cell viability during incubation at pH 4 with or without U (Table 3.3).  In 
contrast, the FRC strains exhibited little to no decrease in cell viability (Table 3.3).  A 




open-pit U mine (Suzuki and Banfield, 2004).  All five Arthrobacter FRC strains 
maintained cell viability following exposure to U.  Similarly, two of the three high G+C 
microorganisms previously isolated from the open-pit U mine site exhibited a comparable 
tolerance to a toxic concentration of U (Suzuki and Banfield, 2004).   
   The tolerance to U exhibited by gram-positive and gram-negative microorganisms 
may be explained by several different cellular mechanisms, as previously reported by 
other investigators (Macaskie et al., 1992; Renninger et al., 2004; Suzuki and Banfield, 
2004).  One mechanism, bioadsorption, has recently been hypothesized to occur in a 
well-characterized Arthrobacter type strain, A. nicotianae (Tsuruta, 2002).  In this 
particular study as much as 80% of the uranyl ions were removed from aqueous solution 
at pH 4 (Tsuruta, 2002); however, cellular U localization was not determined.  A second 
mechanism, U sequestration, shown to occur in the Arthrobacter isolate S3Y (Suzuki and 
Banfield, 2004), resulted in an intracellular accumulation of uranium precipitates perhaps 
as a means to limit U toxicity.  In this case, the authors used TEM and EDX analysis to 
identify the co-precipitation of U with phosphorus- and calcium-rich granules (Suzuki 
and Banfield, 2004).  Interestingly, strain S3Y exhibited no evidence of bioadsorption 
(Suzuki and Banfield, 2004) thus suggesting that Arthrobacter species such as A. 
nicotianae may also be capable of intracellular U accumulation.  Studies are currently 
underway to determine whether intracellular U sequestration promotes the tolerance to U 
that has been observed in Arthrobacter strains isolated from heavy metal- and 
radionuclide-contaminated subsurface soils.  
 Among some of the most promising strategies for remediation of the contaminated 
subsurface are the bioimmobilization of metals and radionuclides by microbial processes 
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and their metabolic products (Barkay and Schaefer, 2001).  Numerous microbes carry out 
reductive processes that result in decreased solubility, and thus bioavailability and 
toxicity, of metals and radionuclides (Lovley et al., 2004).  Recent efforts to stimulate 
microbial communities to remove U from contaminated aquifers and groundwater by 
promoting the in situ activity of dissimilatory metal-reducing organisms highlight the 
important role of microbial processes in the subsurface (Anderson et al., 2003; North et 
al., 2004).  In these studies, biostimulation strategies for subsurface remediation resulted 
in significant increases in Geobacter spp. and sulfate-reducing bacterial populations.  As 
these populations are expected to function in environments that are affected by mixed 
wastes, the presence of toxic heavy metals and nitrates that cooccur in sites such as the 
FRC (Finneran et al., 2002; Petrie et al., 2003) could potentially limit their activities.  For 
example, Desulfovibrio desulfuricans G20, a model organism for the immobilization of 
metals as metal sulfides has been shown to be susceptible to micromolar concentrations 
of heavy metals including Cu(II), Zn(II) and Pb(II) (Sani et al., 2003), while mixed 
cultures of sulfate reducers were inhibited by Cr(VI) (Smith and Gadd, 2000), Cu(II) and 
Zn(II) (Utgikar et al., 2003).  Likewise some heavy metals including Cr(VI) have also 
been shown to negatively affect growth of Shewanella spp., which have been studied for 
their role in immobilizing metals and radionuclide by their reduction to insoluble forms 
(Viamajala et al., 2004).  Thus, the (heavy) metal sensitivity of some radionuclide-
reducing microorganisms indicates that acquiring metal resistance(s) could be highly 
conducive to facilitating and/or enhancing microbial metabolism in metal contaminated 
subsurface environments.  Such enhancement could be achieved by stimulating the 
transfer of metal resistance broad-host-range metal resistance plasmids to metal- and 
 100
radionuclide-reducing microbes in treated subsurfaces and/or promoting the efficient 
transformation and incorporation of key genes for adaptation via transformation- or 
transduction-mediated processes (Frost et al., 2005).  To the best of our knowledge, this 
study is among the first to report the heavy metal resistance phenotypes and U tolerance 
of Arthrobacter spp. isolated from an acidic contaminated subsurface environment.  
These unrelated, yet synergistic, physiological traits observed in Arthrobacter isolates 
resident in contaminated FRC soils may contribute to their survival in such an extreme 
environment.  Thus, Arthrobacter species, particularly those resident in contaminated 
soils such as the FRC, may represent as yet a largely untapped group of microorganisms 
with considerable bioremediation potential. 
 
3.5 Experimental procedures 
 
3.5.1 Sampling site 
Contaminated soils were collected from the DOE Natural and Accelerated 
Bioremediation Field Research Center located in the Oak Ridge National Laboratory 
Reservation at Oak Ridge, Tenn. The contaminated soils are adjacent to an asphalt 
parking area that covers three former waste ponds (S-3 ponds) used during weapons 
production activities. The waste ponds and surrounding soils contain uranium (U) and 
other radionuclides, nitric acid, organics solvents and heavy metals 
(http://www.lbl.gov/NABIR/).  Soil cores (3.75 cm diameter, approximately 180 cm in 
length) were collected on 18 to 20 February 2003 as described in Petrie et al. (Petrie et 
al., 2003).  In this study, contaminated subsurface soil samples were obtained from the 
 101
saturated zone, where elevated U and nitrate concentrations have been reported 
(http://www.lbl.gov/NABIR/).  Soil core samples were obtained boreholes FB058 and 
FB059 (Area 1; maximum depth, 19ft); FB051, FB053 and FB054 (Area 2; maximum 
depth, 26ft); and FB055 and FB057 (Area 3; maximum depth, 19ft).  These samples were 
handled aseptically and preserved under an argon atmosphere.  Cores were shipped 
chilled overnight to Georgia Institute of Technology and processed for chemical and 
microbiological analysis immediately.  Dry/wet ratio values ranged from 0.8 to 0.88. The 
soil pH, as determined by McLean (McLean, 1982), ranged from a low of 4.0 (Area 3) to 
a high of 7.5 (Area 2).  Redox potential of groundwater proximal to subsurface cores 
ranged from +111 mV- +375 mV.  Detailed geology, chemistry and site descriptions are 
available on the DOE NABIR website (September 2005, http://www.lbl.gov/NABIR/). 
 
3.5.2 Strain isolations, determination of plasmids and metal resistance 
  Aerobic chemoheterotrophs were isolated by homogenizing triplicate 3-g soil 
samples (e.g., sampled over the length of the intact sub-sectioned core, n=3) in sterile 
saline and plating serial dilutions onto a variety of media including full-strength (100%) 
PTYG, which contained (per liter) 5 g peptone, 5 g typtone, 5 g yeast extract, 10 g 
glucose, 0.6 g MgSO4 ·7H20, 0.06 g CaCl2, 1% PTYG, 1% tryptone, which contained 10 
g tryptone per liter,  and R2A, which contained (per liter) 0.5 g yeast extract, 0.5 g 
proteose peptone, 0.5 g Casamino acids, 0.5 g glucose, 0.5 g soluble starch, 0.3 g sodium 
pyruvate, 0.3 g K2HPO4, 0.05 g MgSO4 ·7H20 (Becton Dickinson) and 15 g agar 
(Sigma).  Areas 1 and 2 yield the highest number of isolates and Area 3, soils with the 
highest nitrate and uranium concentrations (http://www.esd.ornl.gov/nabirfrc/), yielded 
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the lowest number of isolates.  Due to the heterogeneous nature of the soil samples and 
low CFU counts, triplicate samples were used to obtain as many culturable isolates as 
possible. Plates were incubated for 1-5 days at 25°C and 30°C.  Strains were purified by 
repeatedly streaking onto the same agar used for initial isolation. The Gram reaction of 
each of the 400 isolate was determined as described by Powers (Powers, 1995). PCR 
amplification of 16S rDNA genes from each isolate was performed as previously 
described (Mills et al., 2003).  Isolates were grouped on the basis of the restriction 
fragment length polymorphism (RFLP) banding patterns of their 16S rRNA amplicons 
after digested with MspI and HhaI as described by Mills et al. 2003. Multiple 
representatives from each RFLP group were subjected to 16S rRNA sequence analysis. 
Long-term storage of the FRC isolates was in dimethyl sulfoxide/glycerol at -80°C.  
Nutrient broth (NB) (3 g beef extract per liter, 5 g peptone per liter) was used for the 
maintenance of the purified FRC strains.  Isolates were screened for the presence of 
plasmids as previously described in Reyes et al. (Reyes et al., 1999).  For determination 
of resistances to the metal salts cadmium chloride, potassium chromate, lead citrate and 
mercuric chloride, 400 FRC isolates were assayed as previously described (Reyes et al., 
1999; Benyehuda et al., 2003). The following concentrations of metals tested: 500 nmol 
(C2H3O2)2Pb·3H20, 50 nmol Hg2Cl2, 2 µmol K2CrO4, and 500 nmol CdCl2·5/2H20.  
Metal-resistant and -sensitive control strains were used as described in Benyehuda et al. 





3.5.3 Uranium tolerance assays 
   Tolerance to uranium (U) at pH 4 was determined as previously described (Suzuki 
and Banfield, 2004) using 200 µM uranyl acetate, 50 ppm U(VI).  Five-milliliter 
overnight broth cultures of FRC isolates and control strains (Arthrobacter 
histidinolovorans ATCC 11442, Bacillus cereus ATCC 14579 and Escherichia coli 
JM109) were diluted 1:100 and grown to mid-log phase at either 25°C in nutrient broth 
(FRC isolates and control strains) or 37°C in Luria-Bertani (LB) broth (E. coli).  Three 1-
ml aliquots of mid-log phase cells were centrifuged (10 min, 10,000 x g), cell pellets 
washed twice with 0.1M NaCl, pH 4 and each aliquot was assayed as follows: (i) diluted 
into sterile saline and immediately plated on nutrient agar; (ii) incubated 1 h in 0.1M 
NaCl (pH 4); and (iii) incubated 1 h in 0.1M NaCl, (pH 4) containing 200 µM U(VI).  
Following incubation, cells were serially diluted in sterile saline, plated on either LB or 
NB agar, incubated 24-48 h, and enumerated.  Triplicate assays were conducted and all 
data were analyzed for statistical significance.  
 
3.5.4 PCR amplification of 16S rRNA and PIB-ATPases   
  Genomic DNA was isolated from FRC isolates by a rapid boiling method 
(Holmes and Quigley, 1981).  Briefly, FRC isolates were incubated in NB for 6 h at 
30°C.  A 100-µl cell suspension was centrifuged, the pellet resuspended in 20 μl sterile 
distilled water and heated (100°C for 10 min).  Lysates were centrifuged, and the 
supernatants decanted and transferred to sterile tubes for storage at -20°C prior to use.  
PCR amplification of 16S rDNA genes were performed as previously described (Mills et 
al., 2003) and PCR amplification of the PIB-type ATPase genes was also performed as 
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previously described (Coombs and Barkay, 2004).  Specifically, PCR primers used in 
reaction 1 target conserved sequences found in all P-types ATPases for the target genera 
indicated in Table 3.1.  The PCR primers used in reaction 2 target domain sequences that 
are found only in heavy-metal transporting (PIB-type) ATPases (Table 3.1) (Coombs and 
Barkay, 2004)]. 
 
3.5.5 Sequencing and analyses  
  Sequencing of the zntA/cadA/pbrA-like and 16S rDNA amplicons at the School of 
Biology Genome Center (Georgia Institute of Technology) using a BigDye Terminator 
v3.1 cycle sequencing kit on an automated capillary sequencer (model 3100 Gene 
Analyzer, Applied Biosystems). The primers used to sequence the PIB-type ATPase loci 
are listed in Table 3.1, primers 27f and 1522r (Mills et al., 2003) were used for 16S 
rDNA PCR products.  Multiple sequences of PCR products were initially aligned using 
the program BLAST 2 Sequences (Tatusova and Madden, 1999) available through the 
National Center for Biotechnology Information and were assembled with the program 
BioEdit v5.0.9 (Hall, 1999).  Sequences from this study and reference sequences, as 
determined by BLAST analysis, were aligned using ClustalX v1.81 (Thompson et al., 
1997). Neighbor-joining trees were created from these alignments. On average, of 780 
and 560 nucleotides were included in the phylogenetic analyses of 16S rDNA and PIB-
ATPase sequences, respectively.   Tree topologies of 16S rDNA phylogenies were 
identical when analyzed using maximum likelihood and maximum parsimony.  Similar 
analyses of PIB-ATPase amino acids sequences resulted in some tree topologies 
differences but did not alter the outcome of the data generated by neighbor joining.  The 
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bootstrap data indicate percentages for 1000 samplings. The final trees were viewed 
using NJPlot (Perriere and Gouy, 1996) and TreeView v1.6.6 available at 
http://taxonomy.zoology.gla.ac.uk/rod/treeview.html. 
 
3.5.6 Nucleotide sequence accession numbers 
The 17 16S rRNA nucleotide sequences have been deposited in the GenBank 
database under accession numbers DQ224387 to DQ224403 and the 19 PIB-ATPase 
nucleotide sequences have been deposited in the GenBank database under accession 




Horizontal gene transfer of PIB-type ATPases was detected in 20% of the screened 
metal resistant isolates.  As uranium resistance has not been attributed to a defined 
molecular mechanism, we tested the metal resistant isolates for tolerance to uranium 
U(VI) under low pH.  FRC Arthrobacter and Rahnella spp. demonstrated the greatest 
tolerance to U(VI).  The least tolerant to U(VI) and low pH were the Bacillus strains.  
This is the first study to demonstrate the broad dissemination of PIB-type ATPase genes 
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CHAPTER 4 
AEROBIC URANIUM (VI) BIOPRECIPITATION BY METAL 
RESISTANT BACTERIA ISOLATED FROM RADIONUCLIDE- 




 This chapter examines metal resistant Arthrobacter, Bacillus, and Rahnella spp. 
obtained from the contaminated subsurface at the U.S. Department of Energy’s (DOE) 
Oak Ridge Field Research Center (ORFRC).  In an effort to identify radionuclide- and 
metal-resistant aerobic heterotrophs that can affect uranium U(VI) solubility, ORFRC 
Arthrobacter, Bacillus, and Rahnella spp. culture collection for strains were screened for 
constitutive acid phosphatase expression.  Previous studies that characterized bacterial 
acid phosphatases focused on clinically relevant species.  The following study employed 
a PCR-based approach to screen our environmental strains for one or more of the 
characterized non-specific acid phosphatase (NSAP) genes (i.e., Classes A, B, or C).  The 
ORFRC Rahnella and Bacillus spp. not only possessed constitutively-expressed NSAP 




In this study, the immobilization of toxic uranium [U(VI)] mediated by the 
intrinsic phosphatase activities of naturally occurring bacteria isolated from contaminated 
subsurface soils was examined.  The phosphatase phenotypes of strains belonging to the 
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genera, Arthrobacter, Bacillus and Rahnella, previously isolated from subsurface soils at 
the U.S. Department of Energy’s (DOE) Oak Ridge Field Research Center (ORFRC) 
were determined. The ORFRC represents a unique, extreme environment consisting of 
highly acidic soils with co-occurring heavy metals, radionuclides, and high nitrate 
concentrations.  Isolates exhibiting phosphatase-positive phenotypes indicative of 
constitutive phosphatase activity were subsequently tested in U(VI) bioprecipitation 
assays.  When aerobically grown in synthetic groundwater (pH 5.5) amended with 10 
mM glycerol-3-phosphate (G3P), phosphatase-positive Bacillus and Rahnella spp. strains 
Y9-2 and Y9602 liberated sufficient phosphate to precipitate 73% and 95% of total 
soluble U added as 200 µM uranyl acetate, respectively. In contrast, an Arthrobacter sp. 
X34 exhibiting a phosphatase-negative phenotype did not liberate phosphate from G3P or 
promote U(VI) precipitation. This study provides the first evidence of U(VI) precipitation 
via the phosphatase activity of naturally occurring Bacillus and Rahnella spp. isolated 




 The treatment of hazardous waste sites, particularly those co-contaminated with 
radionuclides and heavy metals remains one of the most costly environmental challenges 
currently faced by the U.S. and other countries.  The disposal of radioactive waste has 
traditionally involved underground storage tanks, shallow land burial pits, and trenches 
(Riley, 1992; DOE, 1995).  When leaks occur, these wastes come into contact with 
surrounding geologic media allowing for migration of radiological pollutants into nearby 
soils and groundwater.  The mobility and solubility of radionuclides such as uranium (U), 
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technetium (Tc) and other toxic metals [e.g., cadmium (Cd), lead (Pb), chromium (Cr)] 
are dependent upon their oxidation state and chemical speciation (Kotegov, 1968; Suzuki 
and Banfield, 1999).  Microbial processes that promote the precipitation of radionuclides 
and metals show promise for the remediation of contaminated soils, groundwater and 
waste streams (Lovley and Coates, 1997; Stephen and Macnaughton, 1999; Gadd, 2000; 
Barkay and Schaefer, 2001). 
 A number of studies have demonstrated the enzymatically catalyzed precipitation 
of insoluble phases of U (Lovley et al., 1991; Lovley and Phillips, 1992; Wade and 
DiChristina, 2000), Tc (Lloyd et al., 1999b; Lloyd et al., 1999a), Cr (Tucker et al., 1998; 
Turick, 1998; Smith and Gadd, 2000), and selenium (Cantafio et al., 1996; Tucker et al., 
1998) by microbial reduction processes.  In addition to this reductive bioprecipitation 
process, insoluble mineral forms of radionuclides and metals can also be immobilized 
through interactions between microbially produced sulfide (White, 1998; Lebranz, 2000), 
phosphate (Boswell, 1999; Jeong, 1999; Macaskie et al., 2000; Mire et al., 2004) or 
through bacterial iron oxidation (Banfield et al., 2000) in a process termed 
biomineralization.  In contrast to microbial reductive precipitation, which requires 
anaerobic conditions, biomineralization can occur aerobically, making this process a 
possible remediation strategy for radionuclides in contaminated groundwater and 
oxygenated subsurface zones. 
  In this study, an experimental approach was designed to determine if phosphatase 
activity extant in bacteria previously isolated from contaminated subsurface soils 
collected from the Department of Energy’s (DOE) Field Research Center (ORFRC) 
located in the Oak Ridge National Laboratory Reservation (Oak Ridge, TN) could 
 110
promote U immobilization by biogenic phosphate mineral production.  Previous studies 
have demonstrated the efficacy of nonspecific acid phosphohydrolase (NSAP)-mediated 
radionuclide and metal precipitation (Boswell, 1999; Jeong, 1999; Macaskie et al., 2000; 
Mire et al., 2004).   Bacterial NSAPs are a broad class of phosphohydrolases 
(phosphatases) which contain highly conserved amino acid motifs and exhibit optimal 
hydrolysis of a number of structurally unrelated phosphoester substrates in acidic to 
neutral pH conditions (Rossolini et al., 1998).  In addition to their role in P acquisition, 
phosphohydrolases regulate cellular metabolism, are involved in signal transduction and 
may also be critical to bacterial pathogenicity (Reilly et al., 1996; Wanner, 1996; Berlutti 
et al., 1998).  Using a phenotypic-based screening approach, a number of the subsurface 
bacterial isolates tested displayed phosphatase activity (i.e., cell surface or secreted).  In 
the presence of an organophosphate or inorganic phosphate substrate, this phosphatase 
activity was sufficient to promote the hydrolysis of sufficient orthophosphate to promote 
the biomineralization of U(VI) as a U-phosphate mineral in aerobic and anaerobic 
synthetic groundwater designed to mimic ORFRC conditions.  Additionally, electron 





4.4.1 Determination of phosphatase actvity in subsurface strains 
Previously, aerobic heterotrophs isolated from radionuclide- and metal-
contaminated subsurface soils collected from the ORFRC were tested for resistance to a 
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number of heavy metals  [e.g., Cd (II), Cr(VI), Pb(II) and Hg(II)] (Martinez et al., 
2006b).  The majority of the isolates were Gram-positive and belonged to the high G+C 
and low G+C genera Arthrobacter and Bacillus, respectively.  Gram-negative isolates 
were most closely related to the genus Rahnella.  A number of the metal resistant strains 
were shown to encode PIB-type ATPases that detoxify the cell cytoplasm by catalyzing 
the efflux of divalent metal ions (Martinez et al., 2006b).  In the present study a subset of 
these subsurface isolates were assayed for traits that would suggest the presence of a 
phosphatase-mediated mechanism that could protect cells from the toxic effects of 
radionuclides (Macaskie et al., 1992; Gadd, 2004; Mire et al., 2004; Renninger et al., 
2004 537) (Fig. 4.1).  
   Initial screening of 135 metal resistant isolates for phosphatase activity on 
tryptose methyl green agar (TPMG) (Riccio et al., 1997) indicated a majority (75 of 135) 
exhibited a phosphatase-positive phenotype.  However, 33 of the 135 subsurface isolates 
(e.g., Arthrobacter and Bacillus spp.) did not grow on TPMG (Fig. 4.1A).  Thus, a 
modified medium, TP-MUP (tryptose-phosphate 4-methylumbelliferyl phosphate,  
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Figure 4.1.  Media types used for identifying potential U-precipitating phosphatase 
phenotypes. Isolates that displayed a phosphatase-positive phenotype appeared either 
bright green on TPMG (Fig. 4.1A) or fluorescent when placed under UV light on TP-
MUP (Fig. 4.1C). (A). TPMG (B). Tryptose phosphate-MUP (TP-MUP)/visible light (C). 
TP-MUP/UV light. Strains were streaked onto all three media types as follows: 
Arthrobacter spp. strain (1). X34, (2). V45, (3). AA20 (column 1); Bacillus spp. (4). Y7, 




disodium agar), was used in addition to TPMG to screen for phosphatase-positive 
phenotypes. The TP-MUP medium promoted robust growth of all three genera types 
tested (Fig. 4.1B) and 10 of the 33 isolates that failed to grow on TPMG initially were 
phosphatase positive (data not shown). A representative subset of 9 Pb resistant (Pbr) 
Arthrobacter, Bacillus and Rahnella isolates (3 per genera) with either phosphatase-
positive or negative phenotypes are shown (Fig. 4.1A and 4.1C).  Four of the 9 Pbr 
isolates exhibited phosphatase phenotypes suggestive of the ability to bioprecipitate 
metals (Y9-2, Y4, Y29, Y9602).      
 
4.4.2 Molecular characterization of NSAPs  
  Previous work has shown that a constitutively expressed non-specific acid 
phosphatase (NSAP) belonging to the Class A NSAPs has been involved in promoting 
the precipitation of U(VI) by the liberation of phosphate from glycerol-2-phosphate 
(Macaskie et al., 1992; Yong and Macaskie, 1995).  A PCR based approach was designed 
to assay subsurface isolates for the presence of one or more classes of the characterized 
NSAP genes (i.e., Classes A, B and C) (Fig. 4.2A-D) (Martinez et al., 2006b).  As there is 
an appreciable divergence of nucleotide sequences among NSAP genes, designing PCR 
primers to amplify the genes from each respective NSAP Class from phylogenetically 
diverse microbial lineages was not pursued (Fig. 4.3 and 4.4).  Instead, a series of PCR 
primer sets were designed to amplify nearly full length acid phosphatase genes (Table 
4.1) from species most closely related to the FRC subsurface strains examined in this 
study based on 16S rRNA phylogeny.  To confirm the specificity of the designed primers, 
NSAP genes belonging to each molecular class (i.e., A, B and C) were amplified from 
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genomic DNA of control strains containing either one or more of the targeted 
phosphatase genes (i.e., positive controls) (Fig. 4.2A-D).  Each primer pair was specific 
as only the expected acid phosphatase gene for the respective molecular class was 
obtained from the positive control(s). To validate the ability of each of the PCR primer  
 
Figure 4.2 (A-D). PCR amplification of Classes A, B and C non-specific acid 
phosphatases (NSAPs).  Agarose gel lanes are: L - 1-kb DNA ladder, N - no DNA 
template control, 1 - Rahnella sp. Y9602, 2 - Enterobacter aerogenes (Class A control), 3 
- Klebsiella pneumoniae (Class A and B control), 4 - Escherichia coli MG1655 (Class B 
control), 5 - Salmonella enterica (Class B control), 6 - Bacillus cereus (Class C control), 
7 - Bacillus thuringiensis (Class C control), 8 - Bacillus sp. Y9-2. Genomic DNA 
extracted from each strain was used as template with each clade- and species-specific 
NSAP primer sets denoted: (A). A(I), (B). B(I), (C). B(Kp), (D). C(I).  NSAP phylogeny 
of bacteria most closely related to subsurface strains Rahnella sp. Y9602 and Bacillus sp. 
Y9-2.  NCBI GenInfo identifier numbers are indicated in brackets.  PCR primers targeted 
NSAP genes from bacteria belonging to: (E). clade A(I), within Class A, (F). clade B(I) 
and Klebsiella pneumoniae B(Kp) within Class B, (G). clade C(I) within Class C.  
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Figure 4.3  Neighbor-joining (NJ) amino acid phylogentic tree construction of (A). Class 
A NSAP and (B). Class B and Class C NSAP sequences.  All NSAP sequences from 
were obtained by iterative PSI-BLAST searches of the NCBI protein database.  NCBI 
GenInfo identifier numbers are indicated in brackets.  The NSAP sequences for strains 




Figure 4.4  Maximum parsimony (MP) amino acid phylogentic tree construction of  (A). 
Class A NSAP and (B). Class B and C NSAP sequences. NCBI GenInfo identifier 
numbers are indicated in brackets.  MP phylogeny is provided to support the robustness 





sets to discriminate between the various phosphatase genes, denoted here as clades A(I), 
B(I), C(I) or species B(Kp) (Fig. 4.2E-G), genomic DNA from each of the control strains 
was used as template and amplified with all of the other primer sets (Table 4.1). Cross-
reactivity was not observed with any of these 'non-target' PCR primer sets, as amplicons 
were not obtained (Fig. 4.2A-D). Acid phosphatase genes belonging to clades A(I) and 
C(I) were obtained from genomic DNA extracted from the Rahnella Y9602 and Bacillus 
Y9-2 strains, respectively (Fig. 4.2E and 4.2G).  Acid phosphatase genes were not 
amplified when genomic DNA extracted from Arthrobacter sp. X-34 was tested (data not 
shown).  These results validate the use of a PCR-based approach to characterize NSAP 
genes present in environmental strains. 
 
4.4.3 SDS-PAGE phosphatase activity assay 
 Following the phosphatase phenotypic and genotypic analysis of the FRC Rahnella 
sp.Y9602 and a Bacillus sp. Y9-2, whole-cell lysates of Rahnella sp.Y9602, Bacillus sp. 
Y9-2, Klebsiella pneumoniae ATCC 132 (Class A control) and Bacillus cereus ATCC 
14579 (Class C control) were analyzed via denaturing polyacrylamide gel 
electrophoresis.  Renaturation and incubation of separated proteins at pH 5.5 with 5 mM 
phenolphthalein diphosphate demonstrated that the FRC Rahnella sp.Y9602 and a 






4.4.4 Aerobic biomineralization of U(VI) by microbial phosphate accumulation 
  A series of experiments were conducted to determine whether or not FRC strains 
that exhibited a positive phosphatase phenotype had the potential to bioprecipitate soluble 
U(VI).  We selected three representative FRC subsurface strains, a Rahnella sp. strain 
Y9602 and a Bacillus sp. strain Y9-2, and Arthrobacter sp. X34 for further 
characterization. Strains Y9602 and Y9-2 exhibited a phosphatase positive phenotype 
while strain X34 was phosphate negative (Fig. 4.1A-C). Whole cell phosphatase activity 
of Arthrobacter sp. X34, Bacillus sp. Y9-2, and Rahnella sp. Y9602 was 0.9 ± 0.1, 8.8 ±  
 
Figure 4.5  Renatured SDS-PAGE phosphatase activity analysis.  Whole-cell lysates (25 
μg of total protein/lane) of: 1 - Klebsiella pneumoniae ATCC 132 (Class A control), 2 - 
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Rahnella sp. Y9602, 3 - Bacillus cereus ATCC 14579 (Class C control), 4 - Bacillus sp. 
Y9-2, M - molecular weight marker (masses are indicated in kDa). Arrows indicate the 
expected molecular mass of the the Class A and Class C NSAPs of 25 kDa and 30 kDa, 
respectively.  All strains were grown in nutrient broth pH 5.5 to mid-log phase.   
 
0.8, and 10.4 ± 1.3 nmol/min, respectively. Whole-cell phosphatase activity assays 
identified a pH optima of 5.5 (data not shown).  In synthetic groundwater medium 
Rahnella exhibited enhanced phosphatase activity relative to the Bacillus while no 
activity was observed with the phosphatase negative Arthrobacter (Fig. 4.6A).  Inorganic 
phosphate accumulated in the medium of strains Y9602 and Y9-2 in the presence of a 
model dissolved organophosphorus compound, glycerol-3-phosphate (G3P) provided as 
the sole carbon and phosphorus source (Fig. 4.6A). In contrast, phosphate did not 
accumulate in medium inoculated with the phosphatase negative Arthrobacter sp. X34 
(Fig. 4.6A). A 3.6-fold greater phosphate accumulation occurred in incubations with 
viable Rahnella sp. (i.e., 939 μM) as compared to viable Bacillus spp. (i.e., 263 μM) (Fig. 
4.6A) in the absence of U(VI).   The enhanced phosphate accumulation observed with 
Rahnella sp. Y9602 resulted in a 10-fold greater concentration of reactive phosphate by 
the end of the 120 h incubation relative to Bacillus sp. Y9-2 (Fig. 4.6A).  In contrast, less 
than 50 μM phosphate was measured in either the cell-free (abiotic) or heat-killed 
controls during the course of incubation (Fig. 4.6A).  Upon addition of 200 µM U(VI) at 
36 h, there was a statistically significant decrease (P <0.05) in reactive phosphate 
concentrations for both the Rahnella and Bacillus spp. relative to their viable controls 
without U(VI). 
  Precipitation of soluble U(VI) as a U-phosphate mineral was predicted to occur 
thermodynamically in the experimental assay conditions tested [i.e., pH 5.5 and 200 µM 
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U(VI)] (Fig. 4.7).  To determine whether the concentration of bio-accumulated phosphate 
was sufficient to promote the removal of U(VI) by precipitation, total soluble U was 
measured. Within the first hour of U(VI) addition, Rahnella and Bacillus spp. removed 
34% and 31% of total soluble U(VI), respectively.  By the end of the 120h incubation, a 
significant difference in the amount of U(VI) precipitated (P <0.05) was detected with 
95% and 73% of the added U(VI) removed by Rahnella and Bacillus, respectively, 
relative to the abiotic and heat-killed controls (Fig. 4.6B). In contrast, U(VI) was not 
precipitated in viable or heat-killed Arthrobacter sp. amendments (Fig. 4.6B). The 
precipitation of U(VI) was mediated by microbial activity as less than 5 µM soluble 
U(VI) was removed either from the abiotic or the heat-killed cell controls following 
U(VI) addition (Fig. 4.6B).  Thus, the loss of U(VI) is not due to bioadsorption or abiotic 




Figure 4.6  Synthetic groundwater (pH 5.5) amended with 10 mM G3P (as sole C and P 
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source) and inoculated with either viable or heat-killed control Rahnella sp. Y9602 
(squares) or Bacillus sp. Y9-2 (circles) or Arthrobacter sp. X34 (triangles). Abiotic 
controls were cell-free.  Concentrations of: (A). Phosphate, (B). U(VI) and (C). CFU 
measured as a function of time. Arrow at 36 h denotes the addition of 200 µM U(VI).  All 
incubations were performed under oxic conditions.  Error bars denote standard deviation 
of triplicate experiments. 
 
  Colony Forming Units (CFU) were determined to identify the affect soluble 
U(VI) has on cell viability (Fig. 4.6C). Rahnella sp. Y9602 CFU counts increased 
approximately 2 log during the 120 h incubation without U(VI) (Fig. 4.6C).  However, 
upon U(VI) addition, Rahnella cell viability was dramatically affected as evidenced by a 
106–fold decrease in CFU counts (Fig. 4.6C).  The decrease in CFU counts did not appear 
to be due to significant cell lysis as cell counts were greater than 107 per ml when 
determined by direct microscopy (data not shown).  Interestingly, Rahnella cell viability 
subsequently increased exponentially and by the end of the 120 h incubation the CFU 
counts were comparable to that of the control without U(VI) (Fig 4.6C).  The exponential 
increase in CFU counts coincided with a decrease in U(VI) from solution.  In contrast, 
CFU counts of Arthrobacter sp. X34 and Bacillus sp. Y9-2 with or without U(VI) did not 
demonstrate a significant difference (Fig. 4.6C). The differential growth response 
observed between the three strains is likely due to the inability of the Y9-2 and X34 to 
grow on G3P as a sole carbon source as we observed a 2 log increase in CFU when the 
strains were grown in synthetic groundwater medium amended with 0.2% yeast extract 
(data not shown). However, the intrinsic activity of the phosphatase positive Y9-2, even 
in the absence of appreciable cell growth, was sufficient to promote significant U(VI) 
precipitation (Fig. 4.6B).  
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Figure 4.7 Uranium (VI) speciation as a function of pH in synthetic groundwater (SGW).  
The open system model at 30°C calculated aqueous and solid phases at equilibrium using 
the concentrations of ions present in synthetic groundwater, UO22+(aq)= 200 μM, PO43-(aq) 
= 200 μM and, PCO2 = 10−3.5atm.  Vertical dash-dot line indicates pH of experimental 
SGW incubations, dotted lines indicate aqueous phase U(VI) species, and solid lines 
indicate solid phase U(VI) species. 
 
 
4.4.5 Electron microscopy of biomineralized U(VI)  
 Transmission electron microscopyof Rahnella sp. Y9602 following biomineralization 
assays indicated extensive extracellular uranium precipitation as well as cell surface 
localized precipitation (Fig. 4.8A and B).  Energy dispersive X-ray (EDX) spectroscopy 
of the extracellular and cell surface electron dense regions indicated by the arrows in 
(Fig. 4.8A and B) demonstrated the composition of uranyl phosphate components (i.e., 
uranium, phosphorous, and oxygen). 
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 Variable-pressure scanning electron microscopy of the uranium associated cell pellet 
lacking fixation and metal sputter coating indicated an amorphous mineral that was 
composed of uranium, phosphorous, and oxygen when EDX elemental mapping was 
performed (Fig. 4.9A-D).  
 
Figure 4.8  Transmission electron micrographs of Rahnella sp. Y9602 following uranium 
biomineralization. (A.) Cells associated with extracellular uranium precipitate and (B.) 
cell surface localized uranium precipitate.  Arrows in micrographs (A.) and (B.) indicate 
regions analyzed via energy dispersive X-ray (EDX) spectroscopy.  Inset spectra identify 










Figure 4.9  Variable-pressure scanning electron micrograph of Rahnella sp. Y9602 
biomineralized uranium (A.) EDX elemental mapping of uranium (B.), phosphorus (C.), 
and oxygen (D.). 
 
 
4.4.6 Anaerobic biomineralization of U(VI) by microbial phosphate accumulation 
 During a nitrate reduction screening assay, of FRC Rahnella sp. Y9602, Bacillus sp. 
Y9-2, and Arthrobacter sp. X34 only the Rahnella sp. Y9602 exhibited the capability of 
respiring on nitrate as a terminal electron acceptor (data not shown).  The Rahnella sp. 
was then incubated in the previously described SGW under anoxic conditions that 
required soluble nitrate to be utilized as the terminal electron acceptor.  Inorganic 
phosphate accumulated during anoxic incubations with glycerol-3-phosphate (G3P) 
provided as the sole carbon and phosphorus source (Fig. 4.10A).  Upon addition of 200 
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µM U(VI) at 36 h, greater than 75% of total U(VI) precipitated within 1 h and over 95% 
of total U(VI) precipitate upon completion of the 120 h incubation (Fig. 4.10B).  Viable 
cell counts of the Rahnella sp. incubated without U(VI) exposure did not surpass the 
initial cell density of 107 cells/ml (Fig. 4.10C).  Similar to the aerobic biomineralization 
assays, uranium exposure resulted in a loss of culturability of the Rahnella sp. (i.e., 
greater than a 105 decrease in culturability).  Upon completion of the 120 h assay, 
culturability increased by a factor of 104 (Fig. 4.10C). 
 
4.4.7 Aerobic hydrolysis of sodium tripolyphosphate  
  Incubations of the Rahnella sp. Y9602 in SGW with 10 mM glycerol (sole C source) 
and 3.33 mM sodium tripolyphosphate (sole P source) yielded complete hydrolysis as 10 
mM orthophosphate was measured in solution following 72 h.  The abiotic control did 
not demonstrate phosphate hydrolysis of the tripolyphosphate substrate indicating the 
requirement for enzymatic hydrolysis to liberate 10 mM orthophosphate within a 72 h 





Figure 4.10  Synthetic groundwater (pH 5.5) amended with 10 mM G3P (as sole C and P 
 129
source) and inoculated with Rahnella sp. Y9602 (squares).  Concentrations of: (A). 
Phosphate, (B). U(VI) and (C). CFU measured as a function of time. Arrow at 36 h 





Figure 4.11  Phosphate measurement of Rahnella sp. Y9602 incubated in synthetic 
groundwater (pH 5.5) amended with 10 mM glycerol (sole C source) and 3.33 mM 
sodium tripolyphosphate (sole P source).  Abiotic controls were cell-free.  Incubations 





 The cleanup of U contaminated groundwater and soils by methods such as pump-
and-treat and excavation can be costly and disruptive to ecosystems.  In situ remediation 
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strategies, particularly those mediated by microorganisms, that stabilize U by sorption or 
by incorporation into low solubility solid phases are attractive alternatives as they are 
generally more cost-effective and less invasive than other options (Nash et al., 1998; 
Arey et al., 1999; Bostick et al., 1999). U solubility is dependent upon its oxidation state 
[i.e., U(VI)aq and U(IV)s].  In anaerobic conditions, dissimilatory metal- and sulfate-
reducing bacteria have been shown to reduce U(VI) in either a growth-dependent or 
independent manner (Gadd, 2004; Wall and Krumholz, 2006). The removal of U from 
contaminated systems by bioreduction may be effective as the reduced U(IV) product is 
in the form of uraninite [UO2(s)], an insoluble mineral above pH 5 (Rai et al., 1990).  In 
aerobic conditions, U is usually present as the highly soluble uranyl ion (UO22+) (Suzuki 
and Banfield, 1999).  Thus, U precipitation in oxic conditions must be driven by a redox-
independent mechanism.  In the case of bacterially mediated U precipitation in 
oxygenated zones, proposed strategies have mainly focused on enzymatic precipitation of 
U as complexes of phosphate (Macaskie et al., 1988; Macaskie et al., 1992; Yong and 
Macaskie, 1995)]. 
 In the present study, phosphate immobilization of U(VI) mediated by the intrinsic 
phosphatase activities of bacteria isolated from radionuclide- and metal-contaminated 
subsurface soils at the ORFRC was examined.  In the aerobic subsurface, U is present as 
U(VI) and thus microorganisms may, we theorize, precipitate U by liberating phosphate 
as a means to prevent or limit U toxicity.  Moreover, FRC isolates belonging to common 
soil genera (Arthrobacter, Bacillus and Rahnella) are resistant to a number of co-
occurring heavy metals including Pb, Cd, and Hg (Martinez et al., 2006b). Sensitivities to 
co-occurring metals such as Pb and Cd rather than the radiological toxicity of actinides 
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such as U have been shown to severely limit the growth of some bacteria proposed for 
use in the bioremediation of mixed waste sites (Ruggiero et al., 2005).  Thus, one might 
expect that a mechanism that could provide cellular protection from actinide stress would 
likely confer a competitive advantage to microbes in similarly contaminated subsurface 
soils.  Further, testing the phosphatase activities of subsurface strains that are Pbr is 
supported by previous studies using the Pbr soil isolate Citrobacter sp. N14 [renamed 
Serratia sp. N14 (Pattanapipitpaisal et al., 2002)].  The activity of a NSAP constitutively 
expressed by strain N14, was directly implicated in the precipitation of greater than 90% 
of U(VI) from solution as a uranyl phosphate precipitate (Macaskie et al., 1994).  A 
number of studies have subsequently demonstrated comparable U-phosphate precipitation 
with diverse genera including Deinococcus, Escherichia, and Pseudomonas (Basnakova 
et al., 1998; Powers et al., 2002; Appukuttan et al., 2006).  However, such activity only 
occurred following the introduction of recombinant acid [phoN (Basnakova et al., 1998; 
Appukuttan et al., 2006)] or alkaline [phoA (Powers et al., 2002)] phosphatase genes. 
 Our study provides the first evidence of U precipitation via the endogenous 
phosphatase activity of naturally occurring strains belonging to the genera Bacillus and 
Rahnella isolated from radionuclide- and metal-contaminated soils. We theorize that acid 
rather than alkaline phosphatases are most likely to be involved in detoxification 
processes in phosphatase positive strains, as the contaminated soils from which the 
strains were isolated are acidic (Martinez et al., 2006b).  The role of NSAPs is also 
supported by the fact that whole cell as well as whole cell lysate phosphatase activities of 
the Bacillus and Rahnella strains indicated a pH optimum of 5.0-5.5.  Interestingly, the 
small molecular weight NSAPs were the only phosphatases demonstrating activity 
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following renaturation in the polyacrylamide gel.  The amino-terminal and internal 
regions of the constitutively expressed phosphatase of Serratia sp. N14 demonstrate 
significant similarities to Class A NSAPs based on partial amino acid sequence analysis 
(Jeong et al., 1998).  To verify the presence of NSAP genes in our phosphate-liberating 
strains, PCR primer sets were designed to amplify genes belonging to the known 
molecular classes of NSAPs.  Sequence analysis of PCR amplicons revealed Class A and 
Class C NSAP genes were obtained from Rahnella Y9602 and Bacillus Y9-2 strains, 
respectively.   
 Although the Bacillus and Rahnella strains liberated different concentrations of 
inorganic phosphate as a result of the hydrolysis of G3P, significant amounts (i.e., 73-
95%) of U were precipitated.  This phosphate accumulation was in addition to that 
required for cellular metabolic activity, as G3P was the sole carbon and phosphorus 
source.  In contrast to Bacillus Y9-2 viability, Rahnella Y9602 exhibited a significant 
(and sharp) decrease in culturability upon exposure to 200 µM U(VI).  One explanation 
for the observed difference between Bacillus and Rahnella cell culturability is that 
Rahnella Y9602 may have entered a period of non-culturability due to the uranium stress. 
A similar culturability response has been reported for Pseudomonas sp. S8A isolated 
from metal-contaminated acidic soil upon exposure to the heavy metals cadmium and 
lead (Kassab and Roane, 2006).  Alternatively, active metabolism (i.e., growing cells) 
may be required for U(VI) to inhibit cell culturability as we did not detect any change in 
CFU in the non-growing Bacillus strain.   However, when Bacillus Y9-2 was 
supplemented with a carbon source that promoted cell growth (i.e., yeast extract) only a 
slight decrease in CFU (i.e., 5-fold) was observed upon exposure to U(VI).  Thereafter, 
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Bacillus CFU remained constant for the duration of the incubation (data not shown).  
Another explanation is that differences in cell walls between the gram-negative Rahnella 
and gram-positive Bacillus may also influence cell sensitivity to U(VI).  Although G3P 
was the only substrate used for U(VI) biomineralization studies, the Rahnella sp. Y9602 
was capable of hydrolyzing sodium tripolyphosphate.  Further indicating the broad range 
of substrates hydrolyzed by NSAPs (e.g., nucleoside phosphates, hexose-, pentose-, and 
glycerol-phosphates) (Rossolini et al., 1998).  These substrates could occur in appreciable 
amounts suitable for promoting U precipitation as a result of in situ biostimulation events 
designed to increase microbial biomass and stimulate metabolic activity (Istok et al., 
2004; Hwang et al., 2006; Wu et al., 2006).  Our findings suggest that microbial 
phosphatase activity may provide a secondary barrier for immobilizing radionuclides in 
aerobic conditions.  Uranium phosphate precipitation may aid in immobilizing 
contaminants when reductively precipitated U becomes soluble as a result of changes in 
redox state.  Furthermore, our data demonstrates that strains such as the Rahnella sp. 
Y9602 that can respire on nitrate in anoxic environments can continue to promote the 
precipitation of U(VI). 
 Thermodynamic modeling of the U-phosphate precipitate likely formed in the 
synthetic groundwater conditions is calcium autunite [Ca(UO2)2(PO4)2] (Fig. 4.7).  
Analysis of the U-phosphate precipitate via electron microscopy further supported 
thermodynamic modeling as uranium precipitate contained phosphorus and oxygen. 
Extended X-ray absorption fine structure measurements have recently confirmed these 
findings (Beazley et al., 2007). As U precipitation was measured for only 84 h, the 
continued accumulation of Ca(UO2)2(PO4)2 appears to be kinetically controlled and, 
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given additional time, complete removal of soluble U(VI) is expected.  Calcium autunite, 
which can be formed from the ion exchange of chernikovite [(UO2)H(PO4)] with calcium 
(Sowder et al., 1996), may prove to facilitate the removal of co-occurring heavy metals.  
Biogenically precipitated chernikovite has, in fact, already been shown to catalyze the 
removal of Ni(II), Co(II), Sr(II), and Cs(I) by an ion exchange mechanism (Basnakova 
and Macaskie, 2001; Paterson-Beedle et al., 2006).  Autunite-group minerals are 
biogenically precipitated (Basnakova and Macaskie, 2001; Paterson-Beedle et al., 2006) 
and in situ microbial phosphatase activity may play an important role in U stabilization.  
In addition, autunite minerals control U mobility in contaminated soils at the Fernald, 
Ohio and the Oak Ridge National Laboratory K25 sites (Buck et al., 1996; Roh et al., 
2000).  However, it is important to note that the microbial contribution to autunite 
formation in these sites has yet to be determined.   
 
4.6 Experimental procedures 
 
4.6.1  Subsurface strains and growth conditions 
The metal resistant subsurface strains Arthrobacter spp. X34, V45, AA20; 
Bacillus spp. Y7, X18, Y9-2 and Rahnella spp. Y9602, Y4, Y29 were previously isolated 
from radionuclide- and metal-contaminated subsurface soils collected from the ORFRC 
as described (Martinez et al., 2006b).  Detailed geology, chemistry, and site descriptions 
are available on the DOE Environmental Remediation Sciences Program website 
(http://www.esd.ornl.gov/nabirfrc/).  Strains were isolated from soil core samples as 
described in Martinez et al. (2006) from sites where the saturated zones contained 
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elevated U, other radionuclides, and heavy metals (Brooks, 2001).  Strain identification 
was previously confirmed by 16S rDNA phylogeny (Martinez et al., 2006b).  Media used 
to identify strains with constitutive phosphatase activity were Tryptose-phosphate methyl 
green agar (TPMG) (Riccio et al., 1997) and Tryptose-phosphate 4-methylumbelliferyl 
phosphate, disodium agar (TP-MUP) modified from (Adcock and Saint, 2001).  The 
modified TP-MUP consisted of 20 g tryptose, 5 g sodium chloride, 2.5 g disodium 
phosphate, 2 g dextrose, 85 mg 4-methylumbelliferyl phosphate, and 15 g agar per liter. 
Plates were incubated at 30°C for 24 h with the exception of TPMG (36 h).  Cells were 
grown in pH buffered synthetic groundwater (SGW) consisting of 50 mM MES (pH 5.5), 
2 μM FeSO4, 5 μM MnCl2, 8 μM Na2MoO4, 0.8 mM MgSO4, 7.5 mM NaNO3, 0.4 mM 
KCl, 7.5 mM KNO3, 0.2mM Ca(NO3)2.  Media containing glycerol-3-phosphate (Sigma) 
as the sole carbon and phosphorus source utilized a final concentration of 10 mM.  Media 
containing glycerol (Sigma) as the sole carbon source and sodium tripolyphosphate 
(Sigma) as the sole phosphorus source utilized final concentrations of 10 mM and 3.33 
mM, respectively.  Nutrient broth (NB) agar (3 g beef extract, 5 g peptone, 15 g agar per 
liter) was used for the maintenance of the strains.  All strains were incubated at 30°C and 
liquid cultures were shaken at 200 rpm under aerobic growth conditions (open to 
atmospheric gas).  Anaerobic growth conditions were performed at 30°C under an 
atmosphere of 1% H2 with the balance N2. 
 
4.6.2  Phosphatase activity assays 
Whole cell phosphatase activity was estimated by monitoring the hydrolysis of p-
nitrophenyl phosphate (pNPP) (Sigma).  FRC strains were grown to mid-log phase in 
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nutrient broth (pH 5.5), harvested by centrifugation (10,000g, 10 min), washed twice with 
100 mM sodium acetate (pH 5.5).  Phosphatase activity was initiated by the addition of 
109 cells to 5 mM pNPP in 100 mM sodium acetate buffer (pH 5.5) at 30°C in a reaction 
volume of 0.5 ml.  Reactions were terminated after 30 min by the addition of 0.5 ml of 
0.02 M NaOH.  Accumulation of p-nitrophenol (pNP) was measured 
spectrophotometrically at 405 nm.  
Whole-cell lysates for SDS-PAGE phosphatase activity assays were obtained 
from 500 ml cultures grown to mid-log phase in NB media pH 5.5.  Cultures were 
pelleted by centrifugation at 10, 000 g for 10 min and washed twice with sterile 0.85% 
saline.  Washed cell pellets were then resuspended in 3.5 ml of 10 mM Tris-HCl pH 7.4 
and passed through a French press twice at 25,000 psi.  Triton X-100 was then added to 
cell lysates at a final concentration of 2%.  DNA in cell lysates were sheared by 3 
passages through a 25G needle and the insoluble fraction was removed by centrifugation 
at 10, 000 g for 10 min.  Soluble protein concentrations were obtained by the 
bicinchoninic acid assay (Pierce).  Soluble proteins (25 μg/lane) were separated via 
electrophoresis on 15% denaturing (Bio-Rad).  Following electrophoresis, proteins within 
SDS polyacrylamide gels were renatured for 4 h in renaturation buffer (10 mM Tris-HCl 
pH 7, 1% Triton X-100 (vol/vol), 2 mM magnesium chloride, 0.05 mM zinc chloride) 
with buffer changes every 30 min.  Gels were then incubated for 1 hr at 37°C in 
equilibration buffer (5 mM magnesium sulfate, 100 mM sodium acetate buffer pH 5.5).  
Equilibrated gels were then incubated in equilibration buffer containing 5 mM PDP 
(Sigma) and 0.05 mg/ml methyl green (ICN Biomedicals) for 16 h.  Excess methyl green 
was then washed from polyacrylamide gels with equilibration buffer for 1 h. 
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4.6.3  Nucleic acid isolation, NSAP primer design, and PCR amplification of 
genomic DNA 
 
 Genomic DNA for PCR-based analyses was isolated from subsurface isolates by 
either a rapid boiling method as previously described (Martinez et al., 2006b) or a bead 
mill homogenization method (Miller et al., 1999).  The sequences of primers and PCR 
reaction conditions used for the amplification of Bacteria-specific 16S rDNA from 
isolated genomic DNA were followed as previously described (Mills et al., 2003).  The 
Class A, B and C NSAP primers used in this study were designed to amplify the 
respective genes in bacteria bearing close relatedness (based on 16S rRNA phylogeny) to 
the FRC Rahnella and Bacillus strains.  The programs CLUSTAL X (Thompson et al., 
1997) and BioEdit v5.0.9 (Hall, 1999) were used to align and visualize the NSAP 
nucleotide sequences of type strains related to the studied FRC strains.  The primers used 
for standard PCR amplification of Class A, B and C NSAPs are listed in Table 4.1.  
These PCR primer sequences allowed for greater than 60% of each respective gene class 
to be amplified.  Genomic DNA isolated from the following type strains: Enterobacter 
aerogenes ATCC 13048 (Class A control), Klebsiella pneumoniae ATCC 132 (Class A 
and B control), Escherichia coli MG1655 ATCC 47076 (Class B control), Salmonella 
enterica ATCC 14028 (Class B control), Bacillus cereus ATCC 14579 (Class C control) 
and Bacillus thuringiensis ATCC 13366 (Class C control) were used as positive controls 
to confirm the specificity of the designed NSAP primers (Fig. 4.4).  Additionally, the 
PCR primer set targeting Klebsiella pneumoniae Class B NSAP denoted B(Kp) was 
designed after sole use of the Class B primer targeting clade B(I) failed to amplify this 
strain.  The PCR mix contained 20 ng of genomic DNA, 1× PCR buffer (New England 
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Biolabs), 1.5 mM MgCl2, 200 μM of each dNTP, 0.25 μM of each forward and reverse 
primer (Integrated DNA Technologies), and 1.0 Units Taq polymerase (New England 
Biolabs).  The thermocycling conditions are as follows: 1 cycle for 10 min at 95°C 
followed by 25 cycles of 95°C for 30 s, annealing temperature as listed in Table 4.1 for 
the specific class of NSAP for 30 s, followed by 72°C for 45 s, and 1 cycle for 10 min at 
72°C. 
  Amplified products were analyzed on 1.0% agarose gels run in TBE buffer, 
stained with ethidium bromide, and UV illuminated.  Amplicons were purified with the 
Qiaquick gel extraction kit (Qiagen) and cloned into pDrive cloning vector according to 
manufacturer’s instructions (Qiagen).  Cloned NSAPs were PCR amplified from lysed 
colonies with M13F (5′-GTAAAACGACGGCCAG-3′) and M13R (5′-
CAGGAAACAGCTATGAC-3′) and sequenced at the Georgia Tech genomics core 
facility using a BigDye Terminator v3.1 Cycle sequencing kit on an automated capillary 
sequencer (model 3130 Gene Analyzer, Applied Biosystems). 
 
4.6.4  Selection of bacterial NSAP protein sequences 
In order to collect bacterial protein sequences of putative NSAPs from biological 
databases, a multi-step procedure, specifically designed to cope with the significant 
number of erroneous annotations that exist in current databases was followed (Devos and 
Valencia, 2001; Valencia, 2005).  First, we retrieved all the protein sequences of bacterial 
NSAPs whose enzymatic activities have been experimentally characterized and used 
them as query sequences in PSI-BLAST (Altschul et al., 1997) searches against the nr 
database.  Successive PSI-BLAST iterations were performed until convergence was 
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reached (i.e., until new sequences were not found), using a very stringent Expect-value 
threshold for inclusion of new sequences of 10-20. After removing the redundant 
sequences, we constructed two preliminary multiple sequence alignments (MSAs), one 
for Class A NSAPs and another for NSAPs belonging to the molecular Classes B and C 
using CLUSTAL W version 1.83 (Thompson et al., 1994) with default parameters. 
 Because highly similar sequences may not always share the same detailed 
biochemical function (Tian and Skolnick, 2003), we excluded all putative NSAP 
sequences lacking conservation in the active site residue positions from the MSAs.  We 
obtained the following active site residue information for class A NSAPs from the X-ray 
structure of a NSAP of Escherichia blattae (Ishikawa et al., 2000): Lys115, Arg122, 
Ser148, Gly149, His150, Arg183, His189 and Asp193. For class B NSAPs, we 
considered the active site residues: Asp44, Asp46, Thr48, Arg114, Asp167 and Asp171, 
inferred from the crystallographic structure of AphA of Escherichia coli (Calderone et 
al., 2004).  As a structure for class C members is not available, we generated a theoretical 
model of the Haemophilus influenzae e (P4) acid phosphatase (Green et al., 1991) using 
the protein comparative modeling server TASSER-Lite (Pandit et al., 2006).  By 
analyzing the three-dimensional alignment of the e (P4) structural model to the AphA 
crystallographic structure, we proposed the following active site residues for class C 
NSAPs: Asp84, Asp86, Thr88, Arg146, Asp201 and Asp205 (using the numbering of the 
e (P4) sequence). 
 In addition to the active site residue conservation condition to keep a candidate 
NSAP sequence, we also required the EC number of the putative NSAP to be predicted as 
EC 3.1.3.2 (i.e., acid phosphatase according to the IUBMB Enzyme Nomenclature) by 
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the highly precise EFICAz algorithm (Tian et al., 2004).  We only imposed this 
requirement to putative Class A and Class B NSAPs because Class C NSAP sequences 
were not available during the training of the current version of EFICAz. 
 
4.6.5  Phylogenetic analysis 
Using CLUSTAL W version 1.83 with default parameters, we prepared class A 
and classes B/C MSAs of the experimentally characterized NSAPs and the putative 
NSAPs protein sequences that passed all the filters. We used the PHYLIP version 3.66 
(Felsenstein, 2006) package of programs to perform the phylogenetic analysis of the 
NSAPs. We employed the Protpars program to generate maximum parsimony trees, the 
Protdist program to compute the evolutionary distance matrices (corrected by the Jones-
Taylor-Thornton model) and the Neighbor program to generate the distance based trees. 
We used the Seqboot and the Consense programs to assess the statistical significance of 
the trees by performing 100 bootstrap resamplings. 
 Sequence analysis of the nearly full length Y9602 Class A and Y9-2 Class C 
phosphatases utilized 636 and 773 nucleotides, respectively.  The Y9-2 16S rDNA 
sequence and NSAP gene sequences for Y9602 and Y9-2 NSAP have been deposited in 
the GenBank database under accession numbers EF158823-EF158825.   
 
4.6.6  Modeling of uranium speciation in simulated groundwater  
Thermodynamic equilibrium modeling of uranium in SGW was conducted using 
MINEQL+ v. 4.5 (Schecher and Software:, 2001) with the Nuclear Energy Agency’s 
updated thermodynamic database for uranium (Guillaumont and Grenthe, 2003).  The 
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open system model of pH-dependent uranium speciation at 30°C utilized the Davies 
equation with the following SGW parameters: UO22+(aq)= 200 μM, PO43-(aq) = 200 μM, 
PCO2 = 10−3.5atm. 
 
4.6.7  Cell enumeration, phosphate, and uranium measurements  
Triplicate flasks containing 250 ml SGW (pH 5.5) amended with 10 mM 
glycerol-3-phosphate (as sole C and P source) were inoculated with approximately 107 
cells ml-1 of each strain.  Prior to inoculation in SGW, FRC strains were grown overnight 
at 30oC in NB (pH 6.8) from frozen stocks (-80oC).  The next day, cells from solid agar 
were grown 16-18 h in NB broth (pH 5.5) and subsequently diluted 1/50 into fresh NB 
(pH 5.5) and grown to mid-log phase.  Cells were harvested by centrifugation (10,000g, 
10 min), washed twice with isotonic saline (8.5 g l-1 NaCl), and gently resuspended in 
SGW (pH 5.5).  Cells resuspended in SGW were sub-aliquoted into flasks for (a) viable 
cell activity or (b) non-viable cell activity (i.e., heat-killed cells).  Heat-killed cells were 
held at 30 min at 85°C and cooled to room temperature prior to inoculation. A second 
control was set-up to monitor for abiotic, chemical interactions (e.g., no viable or heat-
killed cell inoculum was added).   All flasks were incubated at 30oC, 200 rpm.  
Subsamples were aseptically removed to determine (i) culturable cell counts, (ii) 
inorganic phosphate concentration, (iii) pH and (iv) soluble U concentrations, measured 
after the addition of 200 μM uranyl acetate at 36 h of incubation.  Cell count, phosphate 
and pH measurements, were obtained immediately after cell inoculation, at 24 h intervals 
for 5 days and 1 hr after U(VI) addition.  Viable cell counts were determined by serially 
diluting 1 ml aliquots in sterile saline and plating onto NB agar.  For determination of 
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phosphate and uranium concentrations, triplicate subsamples were removed and filtered 
(0.2 μm pore size, AcetatePlus; GE Water and Process Technologies).  Phosphate 
concentrations were determined by spectrophotometry (Murphy and Riley, 1962).  
Dissolved uranium concentrations were measured by inductively coupled plasma-mass 
spectrometry (ICP-MS) with an Agilent 7500a Series system.  Samples acidified with 2% 
nitric acid (trace metal grade, Fisher) were diluted in Nanopure water (Barnstead).  
Uranium standards and samples contained holmium and bismuth (SPEX certiPrep) as 
internal standards.  Blanks, calibration check standards (95-105% recovery), and River 
Water Certified Reference Material for Trace Metals (SLRS-4, National Research 
Council Canada, Ottawa, Canada) containing internal standards were analyzed for quality 
controls.  The analytical error on triplicate samples was < 3% RSD (Relative Standard 
Deviation).  
 
4.6.8  Electron microscopy 
 Upon completion of Rahnella sp. Y9602 uranium biomineralization assays, 40 ml 
of culture was harvested by centrifugation (10,000g for 10 min), supernate was decanted 
and cell pellets were fixed in 1 ml of 2.5% glutaraldehyde in 0.1M cacadylate pH 7.3).  
Cells were embedded in SPURR resin.  Following resin polymerization, embedded cells 
were cut into 100 nm thick sections with a Leica Ultracut S microtome.  Note: the only 
source of electron density came from the uranium added during the biomineralization 
assays.  The commonly used metals of osmium tetraoxide, lead citrate, and uranyl acetate 
which provide electron density for transmission electron microscopy (TEM) were not 
added.  A Hitachi H7600T TEM equipped with an Oxford INCA Energy 200 energy-
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dispersive X-ray spectrometer was used to visualize the embedded cells and conduct 
elemental analysis of electron dense regions.   
 Analysis of Rahnella sp. Y9602 biomineralized uranium was also conducted with 
a Hitachi S3500N variable-pressure scanning electron microscope (VP-SEM) equipped 
with an Oxford INCA Energy 200 energy-dispersive X-ray spectrometer with an 
accelerating voltage of 20 kV and a chamber pressure of 20 Pa was used for all analyses.  
Upon completion of uranium biomineralization assays, 300 μl of the uranium-associated 
cell pellet was placed on a glass fiber filter and visualized.  Note: the uranium-associated 
cell pellet was not fixed or sputter coated with any heavy metals for visualization. 
 
4.6.9  Data analysis 
 The Wilcoxon’s signed ranks test was used analyzing the differences in reactive 
phosphate and soluble U(VI) concentrations.  All statistical analyses were done in the 




Liquid cultures of metal-resistant ORFRC Bacillus and Rahnella spp. were shown 
to hydrolyze G3P which promoted the precipitation of 73% and 95% of U(VI), 
respectively, when supplemented at a final concentration of  200 μM uranyl acetate.  
Similarly, anaerobic incubations of the Rahnella spp. supplemented with 200 μM U(VI) 
were shown to hydrolyze G3P and promote the the precipitation of 95% U(VI) as a 
uranyl phosphate mineral.  Transmission electron microscopy and variable pressure 
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scanning electron microscopy coupled with an energy dispersive X-ray spectrometer 
indicated that the aerobically precipitated uranium also contained phosphorus and oxygen 
within the mineral phase.  The precipitate was most likely an autunite-type mineral which 
was predicted in our thermodynamic modeling.  This is the first study to demonstrate 
ORFRC Bacillus and Rahnella spp. can promote the mineralization of U(VI) as a uranyl 
phosphate mineral when grown in synthetic groundwater containing G3P as the sole 
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CHAPTER 5 
BIOTIC AND ABIOTIC CATALYZED PHOSPHATE HYDROLYSIS  
 
5.1 Overview 
 This chapter examines the contribution of organophosphate hydrolysis by 
microbial communities extant within the contaminated subsurface soils at the U.S. 
Department of Energy’s (DOE) Oak Ridge Field Research Center (ORFRC) in Oak 
Ridge, TN.  Additionally, we demonstrate inorganic phosphate hydrolysis via the soil 
analog hydrous ferric oxide (HFO).  As a complementary approach to bioreduction of 
U(VI) to U(IV), microbially-mediated phosphoester and phosphoanhydride hydrolysis 
can promote the in situ sequestration of soluble U(VI) as an insoluble uranyl phosphate 
mineral.  Utililization of high-density 16S rRNA microarrays were able to rapidly 
identify the microbial community that was enriched by glycerol-3-phosphate (G3P) 
supplementation.  Furthermore, the abiotic hydrolysis of inorganic phosphate (i.e., 
sodium tripolyphosphate) demonstrates an added source of reactive orthophosphate for 




In this study, the microbial and chemical hydrolysis of G3P was examined in soil 
slurry incubations.  Our previous studies indicated that Bacillus and Rahnella strains 
isolated from subsurface soils at the U.S. Department of Energy’s (DOE) Oak Ridge 
Field Research Center (ORFRC) exhibited phosphatase activity sufficient to promote the 
biomineralization of up 95% uranium [U(VI)], at a final concentration of 200 μM.  
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Therefore, soil slurry incubations of two different ORFRC Area 3 subsurface samples 
were conducted to determine the potential organophosphate hydrolyzing capablities of 
the in situ microbial community and to identify the bacterial taxa present following G3P 
supplementation.  G3P hydrolysis was demonstrated over 10 day soil slurry incubations 
as up to 9.1 mM orthophosphate was measured in solution.  Microbial diversity assessed 
by high-density 16S rRNA microarray analysis identified a total of 1084 taxa present 
within the two different soil samples used for the slurry incubations.  Aerobic hydrous 
ferric oxide (HFO) slurries containing the Rahnella sp. Y9602 aerobically grown in 
synthetic groundwater (pH 7.0) amended with 3.33 mM sodium tripolyphosphate and 10 
mM glycerol liberated 3.5 mM orthophosphate.  Abiotic HFO slurries liberated 0.8 mM 
orthophosphate.  This study provides the first evidence of robust microbial diversity 
present within ORFRC Area 3 subsurface soils capable of growing aerobically with G3P 
as the sole C and P source.  Additionally, HFO studies demonstrate the contributions 




The United States nuclear weapons research program maintained research and 
manufacturing facilities in 36 states which utlimately amounted to 120 unique sites 
requiring remediation of organic, metal and radionuclide contaminants (DOE, 1997).  In 
1997, the U.S. DOE estimated that 75 million cubic meters of contaminated soil and 
more than 470 billion gallons of contaminated groundwater required remediation (DOE, 
1997).  The scale of metal and radionuclide contamination within DOE contaminated 
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sites requires cost-effective strategies to address the mobility and fate of these 
contaminants within the deep subsurface.  In situ sequestration of uranium via 
microbially mediated reductive precipitation and/or complexation are viewed as 
economically feasible strategies to address subsurface contamination.  However, within 
the vadose zone changing redox potential does not support the stable formation of 
uraninite (i.e., U(IV) insoluble mineral).  Therefore, approaches that employ phosphate 
complexation can effectively promote in situ sequestration of uranium as an insoluble 
uranyl phosphate mineral. 
 In addition to microbially mediated organophosphate and inorganic phosphate 
hydrolysis; metal oxides, actinides, and lanthanides have been shown to promote 
phosphoester and phosphoanhydride hydrolysis (Baldwin et al., 1995; Baldwin et al., 
1996; Moss et al., 1997; Baldwin et al., 2001; Franklin, 2001; Inman et al., 2001; Yazzie 
et al., 2003; Torres et al., 2005).  Thus, the contribution of phosphoester and 
phosphoanhydride hydrolysis within metal and radionuclide contaminated subsurface 
soils may provide an abiotic source of reactive orthophosphate for the sequestration of 
soluble uranium. 
 In this study, we examined the naturally occurring microbial communities present 
within contaminated ORFRC soils following organophosphate stimulation as a potential 
strategy for in situ metal and radionuclide sequestration.  Additionally, we examined the 







5.4.1 Contaminated soil slurry incubations 
  During soil slurry incubations, G3P phosphoester hydrolysis as indicated by 
increasing orthophosphate concentrations was used as a proxy for microbial activity.  
Starting phosphate concentrations within the FWB120-06-00 and FWB120-08-00 soil 
slurries ranged from 17μM to 22 μM (Fig. 5.1).  At the 96 h time point, phosphate 
concentrations increased by a factor of two and continued to increase over the 240 h 
incubation.  The end of the 240 h incubation demonstrated phosphate concentrations that 
ranged from 1320 μM to 9100 μM (Fig. 5.1). 
  Prior to soil slurry incubations, direct cell counts demonstrated that FWB120-06-
00 and FWB120-08-00 soils contained <104 cells/g.  Various DNA extraction methods 
were performed on soils prior to slurry incubations but failed to yield DNA 
concentrations above 1ng/g soil (data not shown).  Following soil slurry incubations, 
DNA extractions for FWB120-06-00 ranged from 186 ng to 977 ng per gram soil (wet 
weight) and FWB120-08-00 yielded DNA concentrations of 209 ng to 440 ng per gram 
soil (wet weight). 
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Figure 5.1  Area 3 soil slurry incubations of FWB120-06-00 (circles) and FWB120-08-
00 (squares) core segments conducted in synthetic groundwater (pH 5.5) amended with 
10 mM G3P (as sole C and P source).  All incubations were performed under oxic 
conditions.  Error bars denote standard deviation of triplicate experiments. 
 
 
5.4.2 PhyloChip microarray analysis 
  Microarray analyses of FWB120-06-00 and FWB120-08-00 soil slurries 
demonstrated robust diversity as a total of 1084 unique phyla were detected (Fig. 5.2).  
Differences in diversity of phyla detected among replicate slurries from FWB120-06-00 
and FWB120-08-00 soils ranged from 418 to 772 OTUs (Fig. 5.3).  Comparisons of 
incubations by hierarchical cluster analysis further demonstrated differences in the 
diversity of phyla stimulated following G3P amended soil slurries (Fig. 5.4).  The 
differences among soil slurries from each core segment prevented the clustering of 
bacterial phyla within replicate incubations.  
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5.4.3 Hydrous ferric oxide slurry incubations 
  Hydrous ferric oxide (HFO) slurry incubations conducted cell-free (abiotic) or 
inoculated with the acid phosphatase over-expressing Rahnella sp. Y9602 demonstrated 
hydrolysis of sodium tripolyphosphate (Fig. 5.5).  For the cell-free and Rahnella sp. 
incubations, soluble phosphate concentrations were below detection at the beginning of 
the 120 h incubation.  At the 48 h time point, the cell-free incubations on average 
accumulated 10 μM phosphate.  Incubations containing the Rahnella sp. on average 
accumulated 11 μM phosphate at the 24 h time point.  By the end of the 120 h incubation, 
cell-free and Rahnella sp. slurry incubations on average accumulated 830 μM and 3526 




Figure 5.2  Neighbor-joining analysis of all 16S rRNA genes obtained from FWB120-06-
00 and FWB120-08-00 soil slurry incubations.  The greengenes database 
(http://greengenes.lbl.gov/cgi-bin/nph-index.cgi) was used to construct the phylogenetic 
tree that identifies all phyla detected via PhyloChip microarray analysis.  The scale bar 
indicates 0.10 change per nucleotide. 
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Figure 5.3  PhyloChip microarray analyses of microbial diversity present within replicate 





Figure 5.4  Hierarchical cluster analysis of soil slurry incubations.  Soil slurries from 
each core segment were repeated in triplicate experiments and are represented as 06-1, 
06-2, 06-3 for core FWB120-06-00 and 08-1, 08-2, 08-3 for FWB120-08-00. 
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Figure 5.5  Hydrous ferric oxide slurry incubations.  Incubations were conducted in 
synthetic groundwater (pH 7.0) amended with 10 mM glycerol (sole C source) 3.33 mM 
sodium tripolyphosphate (as sole P source).  All incubations were performed under oxic 
conditions.  Incubations containing the Rahnella sp. were inoculated to yield a final cell 
density of 107 cells/ml.  Abiotic control incubations were cell-free.  Error bars denote 




 The remediation of metals and radionuclides present within subsurface soils and 
groundwater systems are current issues faced by the United States and Europe (Lloyd, 
2005).  Within the U.S. DOE legacy sites, radionuclide mobility [i.e., U(VI)] has spurred 
research in bioreduction as a remediation strategy (Lovley et al., 1991; Lovley and 
Phillips, 1992).  Recent studies have demonstrated that reductively precipitated uranium 
can be reoxidized under anoxic conditions (Finneran et al., 2002; Senko et al., 2002; 
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Frazier et al., 2005; Wan et al., 2005).  Therefore, complexation strategies that can 
sequester U(VI) irrespective of redox potential provide an alternative to bioreduction. 
 Phosphate-mediated biomineralization of U(VI) in pure culture studies have been 
demonstrated as a potentially effective approach for the remediation of uranium 
contaminated environments (Macaskie et al., 1992; Beazley et al., 2007; Martinez et al., 
2007).  Here we present culture independent data that demonstrates the presence of 
microbial taxa that are stimulated by the supplementation of 10 mM G3P in soil slurry 
incubations.  Aerobic soil slurry incubations amended with G3P as the sole C and P 
source resulted in the hydrolysis of up to 91% of total amended organophosphate.  
Furthermore, G3P amended slurries stimulated 1084 phyla and demonstrated the robust 
microbial diversity extant within the contaminated ORFRC subsurface soils. 
 Analysis of aerobically incubated soil slurries via the high-density PhyloChip 
microarray provides a view of microbial diversity unmatched by traditional clone library 
studies from the ORFRC (Brodie et al., 2006; Akob et al., 2007).  Additionally, our 
previous culture-dependent approach that identified Arthrobacter, Bacillus, and Rahnella 
spp. as the dominant isolates from Area 3 ORFRC subsurface soils further highlights the 
power of high-density 16S rRNA microarray diversity studies (Martinez et al., 2006b).   
 Although robust microbial diversity is demonstrated via the PhyloChip generated 
phylogeny (Fig. 5.2), replicate slurry incubations failed to cluster detected phyla through 
comparisons of species richness and hierarchical cluster analysis (Fig. 5.3 and Fig. 5.4).   
Furthermore, orthophosphate concentrations varying among replicate incubations and 
between the different soil samples indicate the heterogeneous distribution of bacterial 
phyla within the contaminated subsurface.  Heterogeneity issues may be reflective of 
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subsurface groundwater flow fields that subject microbial communites to nutrients and/or 
elevated nitrate, metals, and radionuclides.  
  HFO slurry incubations provide insight into the abiotic contributions to 
phosphoester and phosphoanhydride hydrolysis within the subsurface.  Within 
uncontaminated soils and aquatic environments, metal oxides in addition to microbial 
phosphatases have been shown to contribute to organophosphate and phosphoanhydride 
hydrolysis, thereby potentially influence phosphorus cycling (Baldwin et al., 1995; 
Baldwin et al., 1996; Baldwin et al., 2001; Inman et al., 2001).  By examining the 
distribution of metal oxides in contaminated subsurface environments the abiotic control 
of metal and radionuclide solubility through metal oxide catalyzed phosphoester and 
phosphoanhydride hydrolysis can be defined.  Furthermore, metal oxide phosphate 
hydrolysis can potentially provide a natural attenuation mechanism for the sequestration 
of metals and radionuclides. 
  The data obtained from these studies suggest a potential for high diversity in acid 
phosphatase gene expression during subsurface organophosphate stimulation of the 
microbial community.  Thus, development non-specific acid phosphatase (NSAP) 
functional gene probes may provide a rapid method for assessing phosphatase gene 
expression and elucidate specific NSAP gene classes that may be optimal for in situ 
uranium phosphate complexation within the contaminated subsurface.  Additionally, the 
influence of metal oxides within the subsurface may facilitate organophosphate 
hydrolysis of substrates (i.e., phytic acid) that may not be accessible to microorganisms 
which lack the appropriate phosphatases.  The synergy between biotic and abiotic 
phosphate hydrolysis can not only promote the sequestration of metals and radionuclides 
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but can also provide a mechanism to neutralize low pH subsurface environments.  This 
pH neutralization effect can further enhance microbial diversity by providing an 
environment for acid-sensitive species to thrive and potentially contribute to the 
sequestration of soluble uranium. 
 
5.6 Experimental procedures 
 
5.6.1 Sampling site 
Contaminated soils were collected from the DOE Oak Ridge Field Research 
Center located in the Oak Ridge National Laboratory Reservation at Oak Ridge, Tenn. 
The contaminated soils are adjacent to the former S-3 waste ponds used during weapons 
production activities. The waste ponds and surrounding soils contain uranium (U) and 
other radionuclides, nitric acid, organics solvents and heavy metals 
(http://www.esd.ornl.gov/orifrc/index.html).  In this study, contaminated subsurface soil 
samples were obtained from the saturated zone, where elevated U and nitrate 
concentrations have been reported (http://www.esd.ornl.gov/orifrc/index.html).  
Subsurface cores were collected on 18 July 2008 as previously described (Petrie et al., 
2003).  Subsurface samples were obtained from borehole FWB120 (Area 3; maximum 
depth, 23ft).  These samples were handled aseptically and preserved under an argon 
atmosphere.  Cores were shipped chilled overnight to Georgia Institute of Technology 
and processed for chemical and microbiological analysis immediately.  Samples were 
incubated with deionized water to obtain pH and nitrate concentrations as previously 
described (Petrie et al., 2003). Subsurface core segments, FWB120-06-00 and FWB120-
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08-00 had a pH of 3.7 and nitrate concentrations of 1.0 mM and 0.1 mM, respectively.  
Uranium concentrations were obtained by the combining water extractable component to 
the acid extractable component.  Acid extraction of uranium was performed by 
incubating 2g of soil (wet weight) in a 10 ml of 2% nitric acid for four days.  Water and 
acid extracted uranium concentrations were analyzed via inductively coupled plasma-
mass spectrometry (protocol described below).  Combined water and acid extracted 
uranium concentrations of core segments FWB120-06-00 and FWB120-08-00 were 38 
μM and 23 μM, respectively. 
 
5.6.2 Hydrous ferric oxide synthesis  
 Hydrous ferric oxide (HFO) was synthesized as previously described 
(Schwertmann, 2000). 
 
5.6.3 Subsurface strain and growth conditions 
Nutrient broth (NB) agar (3 g beef extract, 5 g peptone, 15 g agar per liter) was 
used for the maintenance of the Rahnella sp. Y9602.  Soil slurries utilizing ORFRC Area 
3 soils were incubated in a final volume of 125 ml within a 500 ml erlenmeyer flask 
containing 2 g soil and pH buffered synthetic groundwater (SGW).  SGW consisted of 50 
mM MES (pH 5.5), 2 μM FeSO4, 5 μM MnCl2, 8 μM Na2MoO4, 0.8 mM MgSO4, 7.5 
mM NaNO3, 0.4 mM KCl, 7.5 mM KNO3, 0.2mM Ca(NO3)2, and 10 mM glycerol-3-
phosphate (Sigma) as the sole carbon and phosphorus source.  Soil slurry incubations 
were repeated in triplicate experiments.  Hydrous ferric oxide (HFO) slurry incubations 
were performed in a final volume of 125 ml within a 500 ml erlenmeyer flask containing 
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2 g HFO and pH 7.0 buffered SGW where 10 mM glycerol (Sigma) was the sole carbon 
source and 3.33 mM sodium tripolyphosphate (Sigma) was the sole phosphorus source.  
SGW pH 7.0 was buffered with 50 mM HEPES.  HFO slurry incubations were repeated 
in duplicate experiments.  All incubations were performed at 30°C.  Slurries and liquid 
cultures were shaken at 200 rpm. 
 
5.6.4 Phosphate measurement  
For determination of phosphate and uranium concentrations, triplicate subsamples 
were removed and filtered (0.2 μm pore size, AcetatePlus; GE Water and Process 
Technologies).  Phosphate concentrations were determined by spectrophotometry as 
previously described (Murphy and Riley, 1962).   
 
5.6.5 Nucleic acid isolation, PCR amplification, and microarray analyses 
 
 Genomic DNA isolation for PCR amplification was performed by the bead mill 
homogenization method (Miller et al., 1999).  The sequences of primers and PCR 
reaction conditions used for the amplification of Bacteria-specific 16S rDNA from 
isolated genomic DNA were followed as previously described (Brodie et al., 2006).  
Microarray hybridization and analysis of 16S rRNA PCR amplicons were conducted as 








Our studies indicate Area 3 ORFRC soils supplemented with 10 mM G3P 
liberated up to 9.1 mM orthophosphate during 10 day incubations.  The resultant 
microbial diversity of ORFRC soil slurries determined by PhyloChip microarray analysis 
identified a total of 1084 taxa.  HFO slurries inoculated with Rahnella sp. Y9602 yielded 
over 3.5 mM orthophosphate for incubations supplemented with 10 mM glycerol and 
3.33 mM sodium tripolyphosphate as sole carbon and phosphorus sources, respectively.  
Abiotic (cell-free) HFO slurry incubations yielded over 0.8 mM orthophosphate over the 
same incubation period.  These studies represent the first phylogenetic analysis of in situ 
microbial communities present within Area 3 ORFRC subsurface soils capable of 
contributing to uranium sequestration via organophosphate hydrolysis. 
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Global evidence for the microbially driven geochemical cycling of elements can 
be traced from over 3.5 billion years ago to present day (Schidlowski, 1988; Hedges and 
Keil, 1995; Shen et al., 2001; Newman and Banfield, 2002; Azam and Malfatti, 2007; 
Reeburgh, 2007).  When considering the total estimate of prokaryotic cells extant within 
aquatic and terrestrial environments of 4-6 × 1030, the scale of influence which microbial 
communities have becomes apparent (Whitman et al., 1998).  Furthermore, the potential 
for rampant genetic exchange, estimated to be 1030 gene transfer events/day, in response 
to changing geochemical environments allows for microbial communities to continually 
adapt and sustain environmentally beneficial geochemical transformations including 
carbon sequestration and the cycling of essential and toxic metals (Heinemann and 
Roughan, 2000).  
Microbial community analysis within mud volcano sediments demonstrates that 
methane and sulfate concentrations select for a microbial community structure that has 
been previously described in cold seep sediments and mud volcano sediments within the 
Barents Sea, Gulf of Mexico, Mediterranean Sea, and Pacific Ocean (Boetius et al., 2000; 
Michaelis et al., 2002; Mills et al., 2003; Niemann et al., 2006b).  Specifically, the 
archaeal and bacterial 16S rRNA clone libraries were dominated by the Euryarchaeota 
and Protoebacteria phyla which carry out methanotrophic, sulfate-reducing, and sulfur-
oxidizing metabolisms.  Additionally, the comparison of RNA- and DNA-derived clone 
libraries suggested that methanotrophic ANME-2C clade archaeal species in low 
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abundance potentially have greater metabolic activity (on a per cell basis) when 
compared the ANME-2A clade at the 0-2cm sediment depth interval.     
Culturable aerobic heterotrophic bacteria isolated from the metal and radionuclide 
ORFRC deep subsurface demonstrated low diversity as only Arthrobacter, Bacillus, and 
Rahnella spp. were isolated.  Although low phylogenetic diversity was obtained through 
culture-dependent studies, the extent to which HGT has influenced these isolates is 
potentially vast as 20 % of a random subset of 50 metal resistant isolates demonstrated 
evidence for the transfer of PIB-type ATPases.  Additionally, the enhanced tolerance of 
Bacillus and Rahnella spp. to acid stress and soluble uranium oxidative stress relative to 
closely related type-strains suggest the ORFRC has selected for microbial communities 
with physiologies well adapted to such an environment.  
The adaptations Arthrobacter, Bacillus, and Rahnella spp. have demonstrated to 
the low pH, high nitrate, and high uranium concentrations present within the ORFRC 
were further examined for potential use in the bioremediation of soluble uranium.  
Screening a subset of Arthrobacter, Bacillus, and Rahnella spp. for phosphatase activity 
indicated that only Bacillus and Rahnella spp. constitutively expressed NSAPs capable of 
hydrolyzing the organophosphate glycerol-3-phosphate (G3P).  Biomineralization 
experiments utilizing pure cultures of Bacillus and Rahnella spp. growing in a simulated 
groundwater matrix with 10 mM G3P as the sole carbon and phosphorus source 
demonstrated the removal of 73% and 95% of soluble uranium, respectively.  
Interestingly, Rahnella spp. demonstrated a viable but non-culturable state following 
exposure to 200 μM soluble uranium which was concomitant with a loss of phosphatase 
activity.  Following a removal of >80% soluble uranium, culturability and phosphatase 
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activity of the ORFRC Rahnella spp. were restored.  These data suggest that oxidative 
stress within the ORFRC subsurface may temporarily inhibit microbial activity but that 
biomineralization of uranium can promote the activity of extant microbial species by 
alleviating oxidative stress.   
The majority of culture-dependent techniques fail to contribute to our 
understanding of the microbial diversity present in aquatic and terrestrial environments.  
Recent innovations in culture techniques have expanded the culturability of bacteria 
present aquatic and terrestrial environments.  The use of techniques including low 
nutrient dilution to extinction, low nutrient gel encapsulation, and membrane diffusion 
chambers have yielded numerous Acidobacteria, Actinobacteria, Bacteroidetes, 
Firmicutes, Proteobacteria, Spirochaete, and Verrucomicrobia isolates (Connon and 
Giovannoni, 2002; Kaeberlein et al., 2002; Zengler et al., 2002; Bollmann et al., 2007).  
Although these methods yield viable cells, culturing can take up to 3 years for a small 
200 μl volume of cells (Connon and Giovannoni, 2002).   
Therefore, the need to rapidly access genomic DNA sequences and understand 
microbial community structure via culture-independent methods has spurred the 
development of current high-throughput DNA sequencing and high-density microarray 
technologies.  The continued refinement of these technologies has contributed to the 
decrease in the cost per sample and thus allowing these technologies to become available 
to more researchers.   
As an example application of these technologies, high-throughput DNA and 
protein sequence analysis have been utilized to describe the acid mine drainage (AMD) 
microbial community present within the Richmond Mine in Iron Mountain, California 
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(Tyson et al., 2004; Lo et al., 2007).  Random shotgun sequencing of the uncultured 
microbial mats present within the AMD demonstrated the dominance of bacterial 
Leptospirillum sp. as well as archaeal Ferroplasma sp.  Construction and analysis of the 
nearly completed genomes from AMD species allowed for the prediction of 
Leptospirillum and Ferroplasma spp. physiologies without a cultured representative as 
well as the influence of HGT within this environment.  The benefits of high-throughput 
DNA sequencing may ultimately allow for the culturing of microorganisms which have 
been unculturable at one time.  The comprehensive understanding of metabolic 
capabilities will aid in such culturing endevours.  Additionally, expanding the number of 
culturable microorganism can aid in the discovery of compounds with applications to 
biotechnology and industrial applications. 
High-density microarrays, specifically the Affymetrix Phylochip, allow for the 
rapid and cost-effective analysis of archaeal and bacterial diversity at the subfamily level.  
The rapid assessment of microbial diversity is attained by the hybridization of 16S rDNA 
PCR amplicons to the high-density 25-mer oligo microarray which contains 
approximately 9,000 unique OTUs.  The microbial community analysis of Area 2 
ORFRC flowthrough columns permeated with 10.7 mM lactate at pH 7.2 for over 500 
days was assessed to determine if shifts in community structure resulted in the 
reoxidation of bioreduced uranium (Brodie et al., 2006).  Although the metal reducing 
microbial community was maintained during the reoxidation of bioreduced uranium and 
the electron acceptors responsible for uranium oxidation were not identified, this study 
demonstrated the enhanced sensitivity in determining microbial diversity when compared 
to traditional plasmid-based clone library construction.  The great underestimation of 
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microbial diversity in the traditional plasmid-based clone libraries is demonstrated in this 
study.  A total of 742 clones were gave rise to 63 unique OTUs in the traditional plasmid-
based clone library compared to the 978 unique OTUs detected in the Phylochip analysis.  
The limitation of Phylochip diversity assessments is in the inability to obtain genus level 
sequences of the isolates that hybrized to the array but the speed and enhanced detection 
sensitivity demonstrate the strength of employing this technology. 
 
6.1 Future directions 
Issues relevant to sustaining an expanding human population on earth have 
become more evident with recent data indicating the magnitude by which anthropogenic 
activities have influenced global climate change and environmental pollution.  In an 
effort to address such issues, a more comprehensive understanding of greenhouse gas 
influence on climate change as well as remediation strategies that can insure the supply of 
clean water and habitable land are essential.  Thus, future microbial community structure 
and function studies within aquatic cold seep environments and metal-contaminated 
terrestrial subsurface systems can contribute to a greater understanding of in situ 
processes that promote carbon sequestration and influence the solubility of metals within 
subsurface soils and groundwater.   
Currently, deep sea cold seep environments require long-term monitoring to better 
understand microbial community composition as well as studies that can address 
temporal and spatial changes in microbial community composition.  The use of the 
previously described high throughput microarray technologies can provide more 
complete view of total microbial diversity as well as differentiate the metabolically active 
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prokaryotic fraction.  Ongoing efforts to sequence the genomes of archaeal species that 
can anaerobically oxidize methane will further enhance our understanding of the 
dominant physiologies present in cold seeps.  Additionally, a greater understanding of 
methane fluxes at depth originating from mud volcanoes and from destabilized methane 
hydrates are essential for accurately calculating deep sea contributions to the global 
methane budget.   
Within the contaminated subsurface, changes in microbial activity can be driven 
by the percolation of rainwater.  This migration of water will continually change the 
concentrations of oxygen, metals, oxyanions, nutrients, and ultimately microbial activity.  
As such, bioreduced and biomineralized chemical equilibria will be difficult to obtain.  
Therefore, to maintain steady state geochemical conditions that favor low solubility 
metals and radionuclides, a greater understanding of microbial community structure and 
metabolic responses to changes in nutrients and local geochemistry are required.  Within 
subsurface environments similar to the ORFRC which are defined by low pH, high 
concentration of oxyanions, high concentrations of metal and radionuclides, and 
perturbations in redox potential via oxygenated rainwater do not support bioreduction 
strategies for radionuclide sequestration (Finneran et al., 2002; Senko et al., 2002; Frazier 
et al., 2005; Wan et al., 2005).  Innovative bioremediation approaches that can neutralize 
the low pH groundwater and continuous deliver reactive phosphate are attractive 
alternatives to reductive precipitation.  By employing a phosphate-mediatated pH 
buffering system, soluble U(VI) can be sequestered as low solubility uranyl hydroxide 
and uranyl phosphate species.  Unlike, uraninite mediated U-sequestration, U(VI) uranyl 
hydroxide and uranyl phosphate species are not prone to dissolution when changes in 
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redox potential are encountered in subsurface environments.  Furthermore, 
thermodynamic modeling and recent anaerobic biomineralization assays utilizing our 
Rahnella sp. Y9602 indicate that uranium phosphate formation can occur in 
environments that support both aerobic and anaerobic respiration.   
At present, the use of low nutrient dilution to extinction, low nutrient gel 
encapsulation, and membrane diffusion chambers to expand the culturable prokaryotic 
community in the Gulf of Mexico cold seep sediments as well as the ORFRC has yet to 
be conducted.  By increasing the percentage of culturable prokaryotes in these unique 
extreme environments, a more comprehensive understanding of the microbial ecology as 
well as dominant physiologies can be attained.  This culturing approach will allow 
investigators to be able to track changes in microbial community structure and the 
concomitant changes in physiologies when perturbations in environmental conditions 
(i.e., changes in nutrient availability, salinity, oxidants, etc.) are observed.  Our current 
PhyloChip microarray analysis of G3P supplemented ORFRC soil slurries has provided 
valuable information regarding the diversity microbial taxa and the potential diversity of 
physiologies.  By employing this approach with different growth substrates, optimal 
stimulation of microbial species that can promote metal and radionuclide sequestration 
can be ascertained.  The application of innovative culturing techniques as well as high 
density microarray studies can be applied to microbial ecology studies in varying 
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